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Abstract  
A guideline to select biosorbents for permeable reactive barriers (PRB) was provided in 
this study for the design of a sequenced system. PRB was confirmed to be successful for 
groundwater when using zero valent iron as barrier, however this reactive media still is 
considered expensive if not accessible and its barrier longevity is commonly reduced 
because of its precipitates. In this sense, low cost media is needed and biosorbents could 
be the solution if the characteristics of the reactive media is evaluated by understanding 
the necessities of groundwater (reactivity, permeability, availability, cost, stability and 
environmental compatibility). From this study, Undaria pinnatifida has been found to be 
the most promising among brown seaweed and Phragmites australis has been used in 
wetlands and its availability is worldwide. During this research results showed that lead 
removal was lower with reed than brown seaweed in batch experiments, however in the 
column system lead adsorption by brown seaweed decreased gradually at the same rate 
of reed biomass even though contaminant continued to be removed. Therefore, the 
dominant mechanism was determinated by sequential extraction in both columns. It was 
revealed that for seaweed a strong attachment to organic matter and minerals due to ion 
exchange and precipitation, and for reed exchangeable lead forms due to physical 
adsorption were the dominant mechanism, respectively. It was also necessary to estimate 
their potential use in PRB from the permeability studies. Permeability values obtained 
proposed that reed could be potential media for PRB in long term performance. Brown 
seaweed permeability could potentially reduce the lifetime of the barrier even though its 
sorption capacity is considered high, thus permeability and adsorption characteristics 
should be evaluated for the design of sequenced PRB. Furthermore, the affinity of the 
biosorbents to high toxic contaminants was assessed, results have showed that 
contaminants are adsorbed individually according to parameters such as pH, functional 
groups and contact time. It also confirmed that PCA could be a tool to determinate the top 
biosorbents for each HM study. For this reason it was proposed a guideline to design a 
sequenced barrier to extend the longevity of this technology by taking into account 
characteristics such as permeability, dominant mechanism, availability etc. Where 
biosorbents barriers could be chosen depending on its efficiency with the removal of the 
contaminant. 
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Chapter 1 
Introduction 
1.1 Background  
Expansion of anthropogenic activities has brought about the era of environmental 
pollution. Especially, expanded utilization of metals has generated extensive amounts of 
effluents that contain abnormal amounts of metals (Antunes et al., 2003). Many countries 
have already faced serious problems, because heavy metals are toxic and accumulated in 
human bodies. Encounters from the past, the example of Minamata disease in Japan can 
teach us the importance of an early acknowledgment of unsafe specialists and safety 
measures against it. This disease has caused a neurological syndrome by severe poisoning 
due the release of methylmercury from a chemical plant. Although Japan has improved 
the situation by a precautionary principle, other developing countries need to learn from 
this catastrophe since they are still facing this kind of danger (Murata, 2013). In South 
America, heavy metal pollution is causing illnesses in animals and plants and disorders 
in communities that unfortunately learned to live with the fear of spills and resignation of 
those diseases. And the source of this contamination is commonly from mining activities 
as it is part of the major economy of these countries. In Bolivia, for example, it is found 
one of the world’s richest tin (Sn) mines (Siglo XX), two of the world’s largest silver (Ag) 
mines (San Cristóbal and San Bartolomé) and seeks to invest in the biggest iron (Fe) ore 
mine (Mutún). However, abandoned mine drainage contributes to groundwater 
contamination as acid runoff dissolves heavy metals such as lead or mercury (Taylor, 
2005). Furthermore, studies have confirmed health problems in communities that are 
close to mining activities because of the poor control on the wastewater treatment and the 
acid mine drainage from these sites (Farag, Das et al. 2015). Mine waters have been dealt 
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with utilizing "traditional treatment" where chemicals and energy are added to accomplish 
remediation (Younger et al., 2002). Be that as it may, this can be a costly alternative which 
may not be pertinent much of the time, particularly when there are "discharges" in remote 
areas. For this reason, the quest for new advancements including the expulsion of harmful 
metals from waste waters has guided regard for different technologies such as permeable 
reactive barrier (PRB). This technology has emerged as an in situ treatment zone that 
passively captures contaminants and breaks down or removes them powerfully, releasing 
uncontaminated water (Scherer et. al 2000). It has been proved to provide passive 
treatment of contaminated groundwater at low-cost and efficiently (Blowes et al., 2000; 
Benner et al., 1997). However, the most common material used as reactive media: Zero 
Valent Iron (Fe0) has shown that with heavy metals, it is believed to elute under abnormal 
conditions (ITRC, 2011). Therefore, alternative materials are still in need to study for its 
application, and biosorption has pulled in much consideration lately. The aqueous-phase 
separation of harmful overwhelming metal particles by biosorption utilizes unlimited, 
cheap, nonhazardous materials, and creates low volumes of nonhazardous waste. In this 
sense, this study has focused on establishing an outline of the use of biosorbents as a 
reactive media for PRB since it is important to focus on our natural resources and what 
nature offer to us to solve this critical problem. For this reason, the aim of this research 
was to evaluate the prime characteristics to take into account for the application of 
biosorbents in a sequenced barrier design. 
1.2 Justification 
The main idea emerged from the necessity to proportionate a technology for developing 
countries that are struggling with groundwater pollution. As these countries cannot afford 
expensive treatments, it is necessary to study alternatives that could lead to the 
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development of a sustainable technology. Mining is still causing catastrophes because of 
its acid mine drainage of abandoned sites and one technology that has been promising 
was permeable reactive barrier. However, the reactive media is yet not available in all 
regions and it is considered expensive if elutes. For this reason, this study wants to focus 
on the use of low-cost biosorbents to remove heavy metals from water by providing an 
outline of the principal characteristics to consider when evaluating the selection of this 
reactive media on PRB. In this study the following essential aspects were considerate for 
its evaluation: 
 Sorption studies  
Is it needed more studies besides the common batch experiments to apply biosorbents 
on PRB? 
 Dominant mechanism 
Is the dominant mechanism possible to be evaluated? 
 Permeability  
Although biosorbents are efficient and provide high adsorption capacity in several 
studies, are they permeable enough to use them in PRB? 
 Contaminant affinity to the biosorbent  
As groundwater contains several contaminants, are biosorbents capable to remove 
all? 
1.3 General objective  
 To provide the prime characteristics to select effective biosorbents for the design of 
a sequenced permeable reactive barrier.  
1.4 Specific Objectives 
 To established the accuracy of the sorption studies by a comparison of batch 
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experiments and column system for the design of sequenced barriers 
 To study the dominant mechanism of heavy metal absorption by Undaria pinnatifida 
and Phragmites australis in the column. 
 To study the permeability of biosorbents made of Undaria pinnatifida and Phragmites 
australis in the column. 
 To establish the affinity of high toxic contaminants to biosorbents in dependence on 
parameters such as pH, functional groups, initial concentration and contact time. 
1.5 Content of this study 
1 For a better understanding of these technologies, chapter 1 explains the background, 
purpose and objectives of this research. Chapter 2 includes a literature review 
involving the feasibility to use biosorbents on PRB. It gives an explanation of the 
PRB technology and its use on most common contaminants. Also emphasizes the 
most common reactive media that has been proposed in laboratory scale and full scale 
and gives an evaluation of its use. It also provides a data base with the complete 
information of the biosorbents that have been studied according to each inorganic 
contaminant with the parameters such as Langmuir constants, equilibrium pH and 
adsorption capacity in column. It considers eco-friendly characteristics and their 
availability worldwide to choose the biosorbent which could be used as reactive media 
for PRB. Chapter 3 focused on the sorption studies for lead removal to evaluate the 
suitability of biosorbents on PRB. It includes batch adsorption experiments and 
establish the importance to design a column system for PRB studies. From this study, 
it was acknowledge that although literature of biosorbents have obtained in the past 
promising results, they have not yet been applicable and the results should include 
column system. For this reason, chapter 4 proposed the study of the mechanism of 
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Undaria pinnatifida and Phragmites australis as biosorbents by analyzing the column 
through a sequential extraction experiment. The results proved the existence of a 
dominant removal mechanism of biosorbents which establishes the bound to the 
contaminants and determinates it as a crucial characteristic. Chapter 5 provides the 
permeability study of biosorbents to be applied in PRB, it implies the importance on 
adsorption and permeability to choose the material. Chapter 6 includes the affinity 
study between biosorbent and heavy metal. Provides the comparison of the removal 
performance of a single system of different toxic metals (thallium, chrome, silver, 
lead, mercury, cadmium, zinc and arsenic). States the importance to test on which 
contaminants the biomass is effective, to determinate whether it can be applied for 
groundwater remediation. Chapter 7 proposes an outline to design sequenced barriers 
with biosorbents in accordance with the most relevant characteristics found in this 
study. Chapter 8 gives the general conclusions of this study and the recommendations 
for future studies. 
1.6 References  
1. Farag, S., et al. (2015). "Possible health effects of living in proximity to mining sites 
near Potosi, Bolivia." J Occup Environ Med 57(5), 543-551. 
2. Murata K., Sakamoto M. (2013). Minamata Disease, In Reference Module in Earth 
Systems and Environmental Sciences, Elsevier, 2013, ISBN 9780124095489, 
http://dx.doi.org/10.1016/B978-0-12-409548-9.02075-3. 
3. Scherer M.M.S., Richter S., Valentine R.L., Alvarez P.J.J. (2000). Chemistry and 
micro- biology of reactive barriers for in situ groundwater cleanup. Crit. Rev. Environ. 
Sci. Technol. 30363–411. 
4. Taylor, J., Pape, S. & Murphy, N. (2005). A Summary of Passive and Active 
Treatment Technologies for Acid and Metalliferous Drainage (AMD). Prepared for 
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Chapter 2  
Literature Review: Feasibility study of biosorbents on Permeable reactive barriers  
2.1 Introduction 
It is widespread that groundwater has been polluted from the water quality point of view. 
For its better understanding, the sources of contamination could be divided into two: point 
source and non-point source. A point source is a localized contaminant that interacts with 
groundwater and soil and spreads out as plume. These contaminants are usually from 
urban development and could be extent far away from the source of pollution. As for non-
point sources, it involves diffuse contaminants generally found in nature that may cause 
environmental impacts of contamination (Thiruvenkatachari and Vigneswaran, 2008; 
Tase, 1992; Wiafe, 2013; Rodak et al. 2014). However, Acid Mine Drainage (AMD) could 
also pollute groundwater because of mining activities (Phillips, 2009). The acidic pH 
water contains heavy metals that are considered dangerous for human health. In general, 
the most toxic forms of heavy metals is as ionic species, its increment on concentration 
in the environment has led to poison living organisms and affect human health due to the 
intake via food-chain (Duruibe, 2007; Lenntech, 2004). In this sense, considering the 
importance of groundwater the conventional technology known as pump and treat has 
been used to treat heavy metals and other contaminants with very high-cost results. As a 
consequence, researchers have dedicated their time the past three decades to find novel 
alternatives for groundwater remediation to meet clean-up goals that do not depend on 
external labor or energy inputs. (Henderson and Demond, 2007). Therefore, permeable 
reactive barrier (PRB) has started to provide the opportunity to an alternative in situ 
approach of passive treatment especially in developing countries (Phillips, 2009). PRB is 
placed in the path of a contaminant plume ensuring to bring the contaminants in contact 
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with the barrier materials, and the main advantage is that it does not require energy as it 
utilizes groundwater flow. However, for the potential effectiveness of its application, it is 
needed to understand its materials characterization, and to develop design and 
construction techniques. The most common material used in PRBs is granular iron, 
however, this material has shown to cause mineral precipitation (Wilkin and Sewel, 2002). 
This chapter includes an explanation of this technology and the most common reactive 
media. In this context, other reactive media, which could meet the necessity of PRB is 
still needed. For this reason, this study has considered low-cost biosorbents as a barrier. 
The sorption studies of biosorbent have been carried out and found myriad biosorbents 
for its binding capacity to remove heavy metals from water. In order to apply biosorbents 
to PRB it is imperative to find the principal characteristics to choose the biosorbents. In 
this sense, this chapter resumes these two technologies and its approach to become a 
hybrid technology to remove heavy metals from water. Since the material will vary 
according to the contaminants, this work focuses on the heavy metals as consequence of 
mining activities and industry.  
2.2 Acid mine drainage  
Acid rock drainage or acid mine drainage term refers to acidic and metal-rich water (low 
pH) as a consequence of subsurface water which flows through mines. It is created when 
sulphide minerals are exposed to air and water. Through a natural chemical reaction 
produced sulphuric acid affects groundwater and surface water and forms characteristics 
of AMD to be low pH and to include various heavy metals. It happens naturally as part 
of the rock weathering process; however, it has been worsened especially because of 
abandon mining sites or actual mining activities. It is considered of huge concern in the 
United States, South America, Australia and South Africa. 
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Figure 2.1 Groundwater contamination affected by AMD 
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As studies vary according to the contaminants, in table 2.1, it is a resume of the common 
contaminants found in groundwater for the mining sites (Waller, 1982).   
 
Table 2.1 Contaminant Sources to groundwater 
Source: Waller, 1982 
However, it should be added that these contaminants could also be released from other 
sources such as industrial pollution when the groundwater is close to the cities. 
Nevertheless, this study has taken into consideration only isolated mining sites where 
other types of technologies cannot be used.   
2.3 Permeable reactive barriers (PRB) Technology 
In the early 90`s this technology has emerged as a novel passive treatment and an 
alternative to the pump-and-treat system for groundwater. The definition of Permeable 
Contaminant Sources to groundwater 
Aluminum Occurs naturally in some rocks and drainage from mines. 
Arsenic Enters environment from natural processes, smelting of copper, 
lead, and zinc ore. 
Cadmium May enter from the environment and mining waste 
Chromium Enters environment from old mining operations runoff and 
leaching into groundwater. 
Copper Enters from environment and from mining 
Iron Occurs naturally as a mineral from sediment and rocks or from 
mining 
Lead Enters environment from mining 
Manganese Occurs naturally as a mineral from sediment and rocks or from 
mining  
Mercury Occurs naturally as a mineral from sediment and rocks or from 
mining 
Nickel Occurs naturally as a mineral from sediment and rocks or from 
mining 
Silver Enters environment from ore mining  
Zinc Found naturally in water, most frequently in areas where it is 
mined.  
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reactive barrier (PRB) according to USEPA is: “an emplacement of reactive media in the 
sub-surface designed to intercept a contaminated plume, provide a flow path through the 
reactive media and transform the contaminant(s) into environmentally acceptable forms 
to attain remediation concentration goals downgradient of the barrier” (USEPA, 1989). 
This concept is provided in a scheme on Fig.2.2 to be better understood.  
 
 
Figure 2.2 Scheme of a permeable reactive barrier  
PRB technology is based on barriers that treat water by immobilizing or transforming 
(physical, chemical or biological process) the contaminants into less harmful or immobile 
species. The reactive material (permanent, semi-permanent or replaceable) is placed in 
the flow path of the plume and should not represent an undesirable hazard to water 
resources or other receptors. Ideally, they last for decades and use the natural gradient of 
flow to become a barrier, not for the groundwater but the contaminants, in this sense, it 
needs to meet certain characteristics such as higher permeability than its surroundings. 
For this reason, some of the design characteristics of PRB lack of effect on bulk fluid 
flow rates in the subsurface strata. In some cases, it is needed not only the PRB 
construction area but a ‘cell’ bounded by low permeability barriers to direct the 
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contaminant towards the zone of reactive media (Thiruvenkatachari, 2008; Blowes, 2000; 
Carey, 2002). 
2.3.1 Design and construction techniques for permeable reactive barriers 
When the plume contains heavy metals, the purpose of PRB will be to retain the pollutants 
in a modified chemical/physical state. To achieve this goal, it is needed to know the site 
suitability and its characteristics that could have any influence on the barrier performance. 
 
 
 
Figure 2.3 Modified from Gavaskar 1999. Steps in the design of a permeable 
reactive barrier 
As for the barrier design, reaction rates, longevity and contact time should be evaluated 
in the laboratory. The location, configuration, and dimensions of the barrier will be part 
of the engineering design. Afterward a monitoring strategy and cost evaluation will be 
needed to apply the PRB. For a better understanding, Gavaskar in 1999 introduced the 
steps to design this technology. From Fig. 2.3, it is needed firstly site concentration of the 
On site evaluation Laboratory scale
Reactivity & 
resident time 
Design sensitivity to 
certaint parameters
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contaminants to determinate physical and chemical heterogeneities for a preliminary 
assessment and choose the material screening to be used. In the laboratory studies batch 
experiments and column systems are frequently used to investigate the chemical 
parameters and the degree of chemical heterogeneity. With these results, it is possible to 
apply physical and chemical characteristics to a transport model to analyze the 
applicability into the field for a final design and field test (Sevougian et al. 1994; Hashim 
et al. 2011). An on-site evaluation will depend on the aquifer characteristics, after the 
collection data and the hydrogeological model, the performance of the barrier could be 
tested with a field test and emplacement of the experimental barrier to analyze the success 
of the design to be applied. 
There are different types of PRB design and depends on the material to be used. Fig. 2.4 
resumes the conventional designs applied on this technology (Gavaskar et al. 1998). The 
design usually involves four kinds of construction: “funnel and gate”, “continuous”, 
“multiple caisson gates” and “sequenced barriers or serial reactive media barrier”.  
The first one is the continuous system which doesn’t use any funnel but its reactive media, 
funnel and gate wall is a system that is closed by a low permeability barrier to assure that 
the flow passes through the reactive media. Fig. 2.4 also describes the multiple caisson 
gates or in situ reactive vessels, they have a cross section shape and are made from 
common structural materials. Firstly caisson are introduced into the soil, then a large 
auger excavates its interior for the reactive material. Also, the sequenced barrier or the 
serial reactive media barrier is found as part of PRB configurations where a different 
material is chosen in accordance with needs. Another case is called reactive vessel, very 
similar to funnel and gate design, although in this case there is no gate but a reactive 
media that could be monitored and replace when needed (Gavaskar, 1999; Ravi et al. 
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2014). 
 
Figure 2.4 Most common PRB configurations adapted from Gavaskar et al. (1998).  
2.3.2 Contaminants target on PRB 
Permeable reactive barriers remove contaminants by bringing them to the reactive zone 
to destroy or immobilize. Depending on the type of material the remediation could be due 
biochemical processes or through physical contact as well as on the nature of the 
compounds to be removed. 
Currently, there is a wide variety of the material in the zone of reaction. However, the 
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most common reactive material is zero valent iron (ZVI). Although various materials have 
been tested and successfully proved to be utilized in PRB, its use varies according to the 
type of contaminant to be treated as they are supposed to last for decades. Several 
agencies have participated in developing this technology. USEPA in 1998 has classified 
the reactive materials according to the contaminants into two groups: organic and 
inorganic compounds. The organic compounds group include methane, ethanes, ethenes, 
propane, aromatics and others such as hexachlorobutadiene, 1,2 -dibromoethane, Freon 
113, etc. The inorganic compounds are trace metals/heavy metals and anion contaminants 
(USEPA, 1998). In 2011 the Interstate Technology and Regulatory Council in the United 
States described the application of PRB in relation with the contaminants to be removed 
depending on the cases. Also, in 2014 Obiri-Nyarko gave a general description of 
materials that have frequently been used in PRB applications and introduces the concept 
of the sequenced barrier. Along with further studies Tables 2.2 and 2.3 summarize the 
reactive media materials that have been used until now for this technology (ITRC, 2011, 
Obiri-Nyarko, 2014). 
Table 2.2 Barriers for organic contaminants 
Contaminants Reactive material  Reference  
Full scale  ZVI, Biobarrier, ZVI-carbon combinations,Zeolite, Slag, 
Apatite, leaf compost (40%) with municipal compost 
(40%) and wood chips (20%). 
ITRC, 2011; Benner and 
Ptacek, 1997. 
Pilot Scale  Biobarriers, slag, atomic slag ITRC, 2011;  Chung et al. 
2007;   Benner et al. 
2000 
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Table 2.3 Barriers for inorganic contaminants 
Some biowall cases need the addition of sand and gravel (40 to 60 percent by volume of 
the substrate mixture) for weight material backfill during the emplacement and to 
maintain a high permeability of the mixture and provide a stable environment to reduce 
the amount of compaction after installation. In some cases, limestone gravel is also used 
Laboratory 
scale 
ZVI, Slag, ZVI-carb,on combinations, Zeolite ITRC, 2011 
Design  Reactive material  Reference  
Full scale  Iron; ZVI; Biobarrier; soy bean oil, ZVI-carbon 
combinations; Apatite; Organophilic clay; Tree 
Mulch and Cotton Gin Trash; Mulch and 
compost; Shredded bark, mulch, cotton gin, 
compost and sand; surfactant-modified zeolite 
(SMZ); peat and scoria; 
ITRC, 2011;  AFCEE, 2008;  
Gavaskar, 1997;  Henry et 
al.2004;  Ranck  et al., 2005,  
Vogan et al., 1999 
Pilot Scale  ZVI; ZVI-carbon combinations; granular iron; 
cement, sand, H2O, KH2PO4,K2HPO4, NaNO3, 
and 10–50% CaO2; 
ITRC, 2011, Yeh, 2010 
Laboratory scale ZVI, Slag, ZVI-carb,on combinations, Zeolite, 
Waste steel crap mixed with converter slag and 
tire rubbers multibarrier;  combined mixture of 
hydrogel and zeolite/ZVI pellets; eucalyptus 
mulch and compost;  potassium permanganate 
grains and sand; leaf mulch (30), sand (70), 
limestone, coconut shell.  
Chen et al., 2011;  Fennelly, 
1998,  Lee and Kim., 2007,  Li 
et al. 1999,  Ozturket al. 2012, 
Guerin et al. 2002,   Mojtaba, 
2015,  Snape, 2001,  Guo and 
Blowes, 2009)  
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and helps to stabilize the pH because of the calcium carbonate which is considered a long-
term buffering agent. It also commonly used: inorganic (sulfate and iron) and organic 
amendments (compost, vegetable, oil, or agricultural waste materials, such as cotton gin 
trash, mushroom, compost, or poultry litter) to stimulate biogeochemical transformation 
processes or to provide adequate carbon source (AFCEE, 2008). For the organic 
amendments, it depends on the availability of products on the site and its cost-
effectiveness. Remediation mechanism/processes vary according to the contaminant, 
whether organic or inorganic. Inorganic contaminants have been proved to be a threat to 
human health because of its hazardous effect on the food chain. This chapter summarizes 
the use of PRB for the most common contaminants studied until now (Cr, Ni, Pb, U, Fe, 
Mn, Se, Cu, Co, Tc, Cd, Zn, Hg) (Fawell, 1993).  
2.3.4 Reactive media 
The materials usually applied on PRB are iron-based reactive media, organic substrates 
(biowalls), combined media, apatite media, zeolites and iron, steel furnace slag and other 
mineral media. In temperate conditions, the removal of these contaminants is according 
to the pH, dissolved organic carbon (DOC), and redox conditions. The time to reach the 
steady-state also varies according to the contaminant (Burris et al. 1995). The removal 
could also be affected because of the competition for the reactive sites between 
contaminants (Obiri-Nyarko F, 2014). Therefore, for a better understanding table 2.4 
provides traditional media studied for permeable reactive barriers in accordance to 
inorganic contaminants. 
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Table 2.4 Common reactive media used on PRB for heavy metals 
Contaminants Reactive material Scale Co  
(mg/L)
Cf 
(mg/L)
Removal 
Rate % 
Reference 
As Atomic Slag Batch 50 <1.5 - Chung et al. 2007
 Zero Valent Iron Batch 1000 <0.01 - Su and Puls, 2001
 Waste iron chipping Column 0.1-0.5 0.002-
0.005 
98 Sun et al. 2006 
Cu Atomic Slag Batch 50 <3.0 72 Chung et al. 2007
 Acid-washed zero-valent 
iron and zero-valent 
aluminum 
Column 20 - >99.5 Han et al. 2016 
 Cement kiln dust Column 100 - 98 Abbas et al. 2015
Pb Atomic Slag Batch 50 <3.0 85 Chung et al. 2007
Hg Atomic Slag Batch 50 <0.005 - Chung et al. 2007
 Pyrite Column 1 <0.005 >95% Bower et al. 2008
Cd Atomic Slag Batch 25 <0.03 93 Chung et al. 2007
 Acid-washed zero-valent 
iron and zero-valent 
aluminum 
Column 20 - >99.5 Han, 2016 
 Peat moss Column 200 <0.1  Fine et al. 2005 
Cr (VI) Atomic Slag Batch 25 <0.03 76 Chung et al. 2007
 Acid-washed zero-valent 
iron and zero-valent 
aluminum 
Column 20 - >99.5 Han, 2016 
 Natural Pyrite Column 10 0.0585 57.3 Liu et al. 2015 
CN Atomic Slag Batch 25 <1.0 - Chung et al. 2007
Fe Atomic Slag Batch 25 <1.0 - Chung et al. 2007
 Municipal Compost and 
Pea gravel 
Full 250 <50 - Benner, 1999 
Ni Atomic Slag Batch 25 <1.0 - Chung et al. 2007
 Municipal Compost and 
Pea gravel 
Full >1.75 <0.25 >95% Benner, 1999 
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2.3.4.1 Zero Valent granular Iron (ZVI) media 
Zero valent granular iron (ZVI) media is the most common media because of its natures 
and characteristics. Typically ZVI are recycled scrap iron (automotive parts) or granulated 
molten iron, and they could be found in many forms (chips, jet blasting media, iron foams, 
pellets, powder, etc.). The emplacement is as fine-grained ZVI, coarse-grained ZVI 
placed in a trenched PRB, injectable slurry, etc. (ITRC, 2011). However, generally used 
grain size ranges 2.0-0.25 mm for an average hydraulic conductivity of 5x10-2 cm/sec. 
Surface area is also crucial for the reaction mechanism, and it depends on the grain size, 
the common range of coarse is of 0.5-1.5 m2/g, finer-grained will have a higher surface 
area (ITRC, 2011, Mackenzie et al. 1999, Tratnyek, 2002). Lately, in situ studies for 
nanoscale metallic particles showed its high reactivity but a short lifetime. ZVI tends to 
be oxidized, passing its electron to contaminants under reduction condition and thus 
degradation or precipitation. However, processes differ depending on inorganic 
contaminants, including adsorption, surface complexation, reductive precipitation and co-
precipitation (Obiri-Nyarko F, 2014). According to Snape in 2001, the ability to remove 
or degrade the contaminants should be also evaluated according to the region. In cold 
regions such as Antarctic, in frozen ground fine-grained reactive materials do not retain 
high permeability and are difficult to manage. Zero-valent iron was evaluated in form of 
steel wool, and because of its high porosity, the material was easy to emplace and recover 
 Acid-washed zero-valent 
iron and zero-valent 
aluminum 
Column 20 - >99.5 Han et al. 2016
Zn Acid-washed zero-valent 
iron and zero-valent 
aluminum 
Column 20 - >99.5 Han et al. 2016
 Cement kiln dust Column 100 - 99 Abbas et al. 2015
U Shredded casted iron Column 0.7 0.02 - Fine et al. 2005 
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from the frozen ground (Snape et al 2001). 
ZVI, when used for cationic metals, it is associated with acid rock drainage and includes 
several mechanisms already suggested in previous studies (Fig 2.5). Sorption for metal 
cations with reduction potential E0 more negative than or close to E0(Fe) happens onto 
the iron surface under low pH. Under alkaline conditions, precipitation will provide 
different types of sorption surfaces (sorption +reduction), for metal cation with E0 slightly 
more positive than E0(Fe). If passing through the ZVI PRB, pH increase due to hydrolysis 
of water and precipitation of metal hydroxides may play a major role in metals removal. 
As for reduction, ZVI has proved to precipitate metals in a harmless form, for metal 
cations with E0 substantially higher than E0(Fe). However, when combining the 
contaminants, the competition could affect the metal immobilization mechanisms (Obiri-
Nyarko F, 2014; Wilkin and McNeil, 2003; Li and Zhang, 2007). 
 
Figure 2.5 Metal removal mechanisms using ZVI after ITRC 2011. 
Some interferences on the performance of this media are close related to the reactions 
while treating groundwater: oxygen can affect ZVI when causes FeO(OH) or Fe(oH)3 
solids because of oxidation, and then reducing the permeability by clogging. In some 
cases, a buffer zone as the pretreatment is needed to remove the dissolved oxygen (sand, 
pea gravel mixed with 10-15% ZVI by weight), which could be located before the ZVI 
barrier. It is also possible the rise of pH and consequently the formation of precipitates 
with some species (Fe, Ca, Mg), that could block the water flow through the barrier and 
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interfere the dominant removal mechanism. To prevent this matter ultrasound sometimes 
is needed and increases the cost of this media (Thiruvenkatachari et al. 20011; Arun and 
Gavaskar, 1999). The removal mechanism is still misunderstood to treat different 
inorganic contaminants (Obiri-Nyarko, 2014). 
2.3.4.2 Activated carbon 
Activated carbon (AC) is a carbonaceous material usually processed in small low-volume 
pores to increase its surface for high adsorption capacity and chemical reactions. It could 
be obtained from low-cost natural products and provide a practical result worldwide to 
remove contaminants, including heavy metals (Snape et al. 2001). Its removal 
characteristics are due to their functional groups that are found in this media (phenolic 
and carboxylic) (Obiri-Nyarko F, 2014). Some studies have focused on waste tire rubber 
as a precursor to prepare activated carbon to remove Arsenic (III, V). Results have proved 
that waste tire rubber derived activated carbon–alumina composites (ACALs) and tire 
rubber alumina composite (TRAL) possess higher adsorption capacity in comparison to 
the other previously developed adsorbents with same characteristics (Karmacharya et al. 
2016). 
In PRB`s AC was used at the beginning of this technology, mostly in the granular form 
(GAC). Therefore it could be found as commercial Aquacarb 207EA™. When removing 
Cd the results showed through 2D modeling that the concentrations could always be kept 
below critical limit values (Di Natale et al. 2008). Enhancing the adsorption by 
pretreatment of this media leads to an increment of cost. 
2.3.4.3 Zeolites 
Zeolite material is available in developed countries and it is recognized as commercial 
adsorbents and catalysts, because of its excellent ion exchange capacity, high surface area, 
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and pore characteristics. Zeolites are three-dimensional tetrahedral aluminosilicate 
minerals that have a negative charge. Some typical zeolites are synthesized from fly ash 
(coal combustion by-product) since natural zeolites have restricted pore sizes and 
channels and could be applied in many forms (slurry, pellets, powder) depending on the 
requirement. As for heavy metals removal, raw fly ash has the potential for the removal 
of anions and dyes. However, the immobilization is augmented when synthesized. 
(Franus and Wdowin, M, 2014; Hollman et al. 2009). Zeolites are commonly synthesized 
due to its activation using alkalis (NaOH, KOH, Ca(OH)2, and LiOH) and the particle 
size decreases and crystallizes resulting in an increment of the surface area. The synthesis 
method usually contains molten salt method, ultrasonic assisted hydrothermal, and 
microwave assisted hydrothermal treatment, alkali fusion-assisted hydrothermal 
treatment. As an interesting fact, the removal of Fe2O3 and TiO3 enhances the zeolitic end 
products (purity and structure) and boost their cation exchange capacity. Removing 
impurities through treatment was found effective for ion exchange mechanism (Cardoso 
et al., 2015, Lee et al., 2000). As current sorption studies, the metal uptake could depend 
on many parameters such as dosage, interaction time, pH, initial concentration and 
temperature. In some studies, the increment of pH showed better results for the heavy 
metal removal (Streenburggen and Hollman, 1998). 
2.3.4.4 Organic substrates  
The biological treatment of groundwater contaminants was used as a renowned method 
for treatment of nitrate and Cr(VI) because of its ability of a single system to treat multiple 
contaminants with different chemical characteristics. The most common material used on 
biowall is tree mulch as full scale and commonly mixed with coarse sand or peat gravel 
(volume ratio 40-60%) and limestone for permeability and pH control respectively. As 
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the removal mechanism depends on the anaerobic degradation, it is imperative to design 
for over 5-10 years. However, it was proved that biowalls last shorter in comparison to 
Zero-Valent Iron and sometimes need replenishment. The use of waste products could be 
an asset if they are long term carbon source, previous studies (Lee et al., 2007, Chang et 
al., 2000, Cocos et al., 2002, Wantanaphong et al., 2007, Gibert et al., 2003, Santona et 
al., 2006, Alvarez et al., 2007, Waybrant et al., 1998) had proposed mixes of 
biodegradable materials and showed potential removal performance. In the case of metals, 
their solubility would depend on the pH, sorption capacity, reaction kinetics and reduction 
potential. They could be immobilized by precipitation under sulfate reduction to sulfide, 
accompanied with the formation of metal sulfides in a reaction sequence:  
2CH2O(s) + SO42-(aq) + 2H+(aq) H2S(aq) + 2CO2(aq) +H2O(l) 
Me2+(aq) + H2S(aq)  MeS(s) + 2H+(aq) 
Also, pH influence and microbial activity result on hydroxides and carbonates 
precipitation respectively. Another important factor is the sorption of contaminants to the 
surface.  
Furthermore, vegetable oil has also been used to coat wood mulch and to replenish full-
scale biobarriers, along with crushed limestone for pH control or sand and gravel to 
provide weight to the emplacement material (ITRC, 2011). Red mud has also been tested 
as a high surface reactive media because of its composition (silica, aluminum, iron, 
calcium and titanium oxides) and low cost as a byproduct of refining (Santona et al., 
2006). In 2006 it was observed that red mulch could adsorb more Zn than Pb or Cd, this 
was attributed to the smaller ionic radius and higher charge density resulting into a higher 
sphere hydration and energy, and however it is still needed further studies regarding the 
mechanisms that involves the removal of contaminants. This work focuses on the 
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materials used for heavy metal removal. The laboratory scale test is carried out to develop 
new materials for the design of sequenced PRB. In this sense, two steps are necessary: a 
preliminary assessment for the type of contaminants and its concentration should be 
evaluated and a data base that explains under which conditions were studied to 
standardize the laboratory research and the ones made on site. 
2.3.5 Critical review of actual PRB media 
Although actual materials are proved to be efficient with certain contaminants, their use 
to heavy metals are still limited because of the production of precipitates and the unknown 
dominant mechanism. It is also important to acknowledge that this media is not always 
available and consequently costly to be applied to actual sites (ITRC, 2011; Batty, 2003).  
2.3.6 Sequenced barriers 
Sequenced barriers were developed, because single barriers can remove certain types of 
contaminants in a limited quantity (Obiri-Nyarko et al., 2014, Jun et al., 2009). However, 
by using sequenced media PRB can result in varied biogeochemical regions and thus 
contribute to the enhancement of the technology (Huang, 2015, Statham, 2016, Liu et al., 
2006). The design of this hybrid technology by using biosorbents needs a characterization 
according to the source of contamination. For this research, mining water and specific 
heavy metal contaminants were selected. Nevertheless, where the aquifers are located, 
and different soils in that area will also influence the type of heavy metal and its 
concentration. As for the parameters to take into consideration for the sequenced barrier 
the geology of the aquifer containing the groundwater will determinate the pH, if 
carbonate rocks are sandstones, metamorphic granitic schists, and gneisses or volcanic 
rocks, the groundwater will tend to remain acidic. However, if groundwater is passing 
through limestones and marbles pH values will usually around 7 as the acidic water is 
Chapter 2 
37 
 
“neutralized.” Regarding the temperature, it will vary according to the point of 
observation at the respective level location (Nakashita, 2016). The average temperature 
of groundwater according to the Environmental Protection Agency is 17 C, however, it 
could be ranged from 27 to 4 degrees if in the Antarctic. Thus, the temperature influence 
should also be applied according to the site of study. In this research, the method to 
characterize the biosorbents was established according to the parameters of temperature 
and pH when obtaining its higher removal capacity. 
2.4 Biosorbents 
2.4.1 Definition  
The definition of biosorption describes the removal of heavy metals by passive binding 
non-living biomass from aqueous solution. (Davis & Volesky, 2003, Gadd, 1993). This 
process employs suitable dead biomass to sorb heavy metals, and its advantages are the 
low cost and high removal efficiency from diluted solutions. (Jeffers, 1991; Siegel, 1990). 
Previous studies have used this method for wastewater treatment because of the wide 
range of natural biomasses effectively tested, as it is associated to low cost. (Schiewer & 
Volesky, 1995).  
2.4.2 Most common biosorbents used for heavy metal removal 
It was known that the biosorbents that possess metal-sequestering property are algae, 
bacteria, fungi, yeast, waste biomass, agricultural waste, etc. It effectiveness depends on 
the chemical make-up of the microbial cells. The mechanisms that are associated with 
this behavior are ion exchange, complexation coordination, adsorption, electrostatic 
interaction, chelation and microprecipitation (Volesky and Holan, 1995, Veglio and 
Beolchini, 1997; Vijayaraghavan and Yun, 2008; Wang and Chen, 2006). For alginates, 
binding to alginate is commonly the dominant mechanism (Schiewer &Volesky B., 2000). 
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Heavy metals positively react with H2S to form other sulfide minerals and decrease the 
concentrations of SO42-, Fe and other metals; this reaction also increases the alkalinity 
and pH (Benner et al. 1997). 
Bacteria and fungi are the most common studied biosorbents, however, waste products 
and natural resources have been in glance recently. In particular, the biowaste generated 
as a by-product of large-scale industrial fermentation, olive mill solid residues, activated 
sludge from sewage treatment plants, biosolids, aquatic macrophytes, and other plant 
derived materials (Ahluwalia and Goyal, 2007). Bailey in 1999, introduced some low-
cost sorbents, including biomaterials abundant in nature, or by-product or waste material 
from another industry (bark and other tannin-rich materials, lignin, chitosan). Also, 
seafood processing wastes, dead biomass and rice hulls, alginate from seaweed, peat moss, 
moss, gelatin bone beads, leaf mold, modified wool or modified cotton have been used 
(Wang, 2009). 
 
Table 2.5 Langmuir parameters and conditions for adsorption of heavy metals by 
biosorbents (This table modifies the table of Febrianto et al. in 2009 with latest 
data) 
Biosorbent Solute 
Operational 
condition Langmuir parameters 
Reference pH
T 
(°C)
KL 
(L/mg)
Qmax 
(mg/g) R2 
Activated sludge  Cd(II) 4 – 0.32 28.1 0.99 Hammaini et al., 2007
Aeromonas caviae Cd(II) 7 20 – 155.3 – Loukidou et al. 2004a
Azolla filiculoides  
CaCl2/MgCl2NaCl Cd(II) 5.5 20 – 111 – 
Rakhshaee et al., 
2006 
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Bacillus jeotgali Cd(II) 7 25 0.2 37.3 0.991 
Green-Ruiz et al., 
2008 
Bacillus jeotgali Cd(II) - 30 0.07 47.5 0.986 
Green-Ruiz et al., 
2009 
Bacillus jeotgali Cd(II) - 35 0.07 57.9 0.996 
Green-Ruiz et al., 
2010 
Caladium bicolor (wild 
cocoyam) Cd(II) - 30 0.0289 42.19 0.999 Jnr et al., 2008 
Caladium bicolor (wild 
cocoyam) Cd(II) - 40 0.0253 59.02 0.998 Jnr et al., 2009 
Caladium bicolor (wild 
cocoyam) Cd(II) - 50 0.0208 46.95 0.998 Jnr et al., 2010 
Caladium bicolor (wild 
cocoyam) Cd(II) - 60 0.0141 22.47 0.998 Jnr et al., 2011 
Caladium bicolor (wild 
cocoyam) Cd(II) - 70 0.0124 14.03 0.994 Jnr et al., 2012 
Caladium bicolor (wild 
cocoyam) Cd(II) - 80 0.0195 8.58 0.996 Jnr et al., 2013 
Coconut copra meal Cd(II) 6 26 0.176 4.92 1 
Ho and Ofomaja, 
2006 
Coconut copra meal Cd(II) - 38 0.141 4.68 0.998 
Ho and Ofomaja, 
2007 
Coconut copra meal Cd(II) - 50 0.119 2.66 0.999 
Ho and Ofomaja, 
2008 
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Coconut copra meal Cd(II) - 60 0.099 2.01 1 
Ho and Ofomaja, 
2009 
Cocoa shell Cd(II) 2 – – 4.94 – Meunier et al., 2003
Caulerpa lentillifera Cd(II) 5 – 0.0742 4.69 0.995 Pasavant et al. 2006 
Caulerpa lentillifera Cd(II) 4 – 0.0229 4.34 0.952 Pasavant et al. 2006 
Caulerpa lentillifera Cd(II) 3 – 0.0106 2.95 0.914 Pasavant et al. 2006 
Cystine modified biomass Cd(II) - – 1.52 11.03 0.996 Yu et al., 2007 
Cupriavidus taiwanensis 
TJ208 Cd(II) 6 – 0.0167 19.6 0.956 Chen et al., 2008 
Dead spirulina Cd(II) - – 0.0013 355 – Doshi et al., 2008 
Dried activated sludge Cd(II) 6 25 0.021 84.3 0.988 Wang et al. 2006 
Grapefruit peels Cd(II) 3 – 
0.00564
9 76.44 0.99 
Schiewer and Patil, 
2010 
Grapefruit peels Cd(II) 5 – 
0.00538
2 110.16 0.93 
Schiewer and Patil, 
2011 
Lemon peels Cd(II) 3 – 
0.00204
6 159.62 0.97 
Schiewer and Patil, 
2012 
Lemon peels Cd(II) 5 – 
0.00155
7 209.08 0.88 
Schiewer and Patil, 
2013 
Live spirulina Cd(II) 
6 ± 
0.5
35–
38 0.0004 625 – Doshi et al., 2007 
Chlorella vulgaris Cd(II) 4 25 28.3 0.02 0.999 
Aksu and Donmez, 
2006 
Gelidium sesquipedale Cd(II) 5.3 – – 18 – Vilar et al., 2006 
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Green coconut shell 
powder Cd(II) 7 27 0.019 285.7 0.986 Pino et al. 2006 
Lignin Cd(II) - – 0.1421 25.4 0.943 Guo et al., 2012 
Olive pomace Cd(II) 5 – – 5.5 – Pagnanelli et al., 2005
Orange peels Cd(II) 3 – 
0.00177
9 123.65 0.88 
Schiewer and Patil, 
2008  
Orange peels Cd(II) 5 – 
0.00137
9 150.63 0.35 
Schiewer and Patil, 
2009 
Maize husk Cd(II) 7.5 30
−6.88 
10−4 −151.51 0.962 Igwe and Abia, 2007
Maize husk (EDTA 
modified) Cd(II) -  0.00893 833.33 0.979 Igwe and Abia, 2008
Mimosa pudica inoculated 
with TJ208 Cd(II) 6 – 0.0307 42.9 0.982 Chen et al., 2008 
Mimosa pudica without 
inoculation Cd(II) 6 – 0.0392 25.3 0.927 Chen et al., 2008 
Poly (amic acid) modified 
biomass of baker's yeast Cd(II) - – 4 95.2 0.999 Yu et al., 2007 
P. chrysosprium Cd(II) - – – 27.8 – Say et al., 2001 
Pseudomonas sp.  Cd(II) 7 – – 278 – Ziagova et al. 2007 
Phagmites australis Cd(II) - – – 10.2 – 
Southichak et al., 
2006 
Pristine biomass (baker's 
yeast) Cd(II) - – 1.32 3.9 0.999 Yu et al., 2007 
Chapter 2 
42 
 
Phomopsis sp. Cd(II) 6 – – 29 – Saiano et al., 2005 
Saccharomyces cerevisiae Cd(II) 4 – – 15.4 – 
Chen and Wang, 
2007 
Staphylococcus xylosus Cd(II) 6 – – 250 – Ziagova et al. 2007 
Sugar beet pulp Cd(II) - – 0.1237 0.13 0.74 Pehlivan et al., 2008
Ulva Onoi Cd(II) 7.8 – – 61.9 – Suzuki et al, 2008 
Ulva Onoi NaOH Cd(II) 7.8 – – 90.7 – Suzuki et al, 2008 
Vegetal biomass (olive 
pits) Cd(II) – 
21 ± 
1 0.044 9.39 0.999 
Salem and Allia, 
2008 
Biosorbent Solute 
Operational 
condition Langmuir parameters 
Reference  pH 
T 
(°C)
KL 
(L/mg) 
Qmax 
(mg/g) R2 
Crab shell particles Co(II) 3.5 – 0.0015 212.8 0.975 
Vijayaraghavan et al., 
2006 
Crab shell particles Co(II) 4  – 0.0016 235.5 0.977 
Vijayaraghavan et al., 
2007 
Crab shell particles Co(II) 4.5  – 0.0017 270.3 0.973 
Vijayaraghavan et al., 
2008 
Crab shell particles Co(II) 5  – 0.0018 285.7 0.964 
Vijayaraghavan et al., 
2009 
Crab shell particles Co(II) 5.5  – 0.0021 303 0.968 
Vijayaraghavan et al., 
2010 
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Crab shell particles Co(II) 6   0.0025 322.6 0.972 
Vijayaraghavan et al., 
2011 
Rose waste biomass Co(II) 6   0.0372 27.62 0.982 
Vijayaraghavan et al., 
2012 
Pre-treated arca shell 
biomass Co(II) 
– – 
0.225 11.53 0.984 Dahiya et al., 2008 
Myriophyllum spicatum L. Co(II) – 20 0.32 2.3 1 Lesage et al., 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Co(II) 4 10 0.1884 24.75 0.97 Shaker, 2007 
 Co(II)  - 20 0.2393 22.39 0.97 Shaker, 2008 
 Co(II)  - 30 0.3699 22.39 0.97 Shaker, 2009 
 Co(II)  - 40 0.4123 22.98 0.97 Shaker, 2010 
 Co(II)  - 50 0.5125 22.39 0.97 Shaker, 2011 
Biosorbent 
Solute 
Operational 
condition Langmuir parameters Reference 
 
pH T (°C)
KL 
(L/mg)
Qmax 
(mg/g) R2  
Activated sludge Cu(II) 4 – 0.1201 19.06 0.95 Hammaini et al. 2006
Aspergillus niger Cu(II) – 20 0.012 33.11 0.944 Dursun, 2006 
Aspergillus niger Cu(II) – 25 0.015 33.23 0.941 Dursun, 2007 
Aspergillus niger Cu(II) – 35 0.026 33.54 0.939 Dursun, 2008 
Pseudomonas aeruginosa 
PU 21 Cu(II) 5 25 – 23.1 – Chang et al., 1997 
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Pseudomonas cepacia Cu(II) 7 30 – – – Savvaidis et al., 2003
Crab shell particles Cu(II) 3.5 – 0.0022 163.9 0.98 
Vijayaraghavan et al., 
2006 
 Cu(II) 4 – 0.0023 188.7 0.986 
Vijayaraghavan et al., 
2007 
 Cu(II) 4.5 – 0.0026 204.1 0.988 
Vijayaraghavan et al., 
2008 
 Cu(II) 5 – 0.0039 208.3 0.977 
Vijayaraghavan et al., 
2009 
 Cu(II) 5.5 – 0.0054 222.2 0.979 
Vijayaraghavan et al., 
2010 
 Cu(II) 6 – 0.0055 243.9 0.985 
Vijayaraghavan et al., 
2011 
Cocoa shell Cu(II) – – – 2.87 – Meunier et al. 2003 
Cupriavidus taiwanensis 
TJ208 Cu(II) 5 – 0.0363 19 0.887 Chen et al., 2008 
Green alga Cladophora 
fascicularis Cu(II) 5 15 0.1406 47.019 – Deng et al. 2006 
 Cu(II) – 25 0.1607 70.53 – Deng et al. 2007 
 Cu(II) – 35 0.1649 92.77 – Deng et al. 2008 
 Cu(II) – 45 0.1882 110.56 – Deng et al. 2009 
Leaves of saltbush 
(Atriplex canescens) Cu(II) 5 24 ± 2 9.09 590.92
0.000
1 Sawalha et al. 2007 
Caulerpa lentillifera Cu(II) 5 – 0.076 5.57 0.968 Pasavalent et al. 2006
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Caulerpa lentillifera Cu(II) 4 – 0.0618 42.37 0.995 Pasavalent et al. 2006
 Cu(II) 3 – 0.029 2.64 0.995 Pasavalent et al. 2006
Non-living green algae 
Cladophora fascicularis Cu(II) 5 25 0.0652 102.55 0.997 Deng et al. 2006 
 Cu(II) 5 35 0.1241 106.81 0.998 Deng et al. 2006 
 Cu(II) 5 45 0.175 112.97 1 Deng et al. 2006 
Sour orange residue Cu(II) 4.5 28 0.066 52.08 0.99 Khormes et al. 2007
Sour orange residue 
(NaOH treated) Cu(II) – – 0.054 23.47 0.98 Khormes et al. 2007
Brown seaweed Cu(II) 5 25 0.026 82.6 0.998 Antunes et al. 2003 
Brown seaweed Cu(II) – 40 0.024 88 0.997 Antunes et al. 2003 
Brown seaweed Cu(II) – 55 0.0254 93.9 0.996 Antunes et al. 2003 
Litter of poplar forests Cu(II) 4.5 25 0.0002 19.53 0.991 Dundar et. al. 2008 
Litter of poplar forests Cu(II) – 45 0.0002 29.76 0.995 Dundar et. al. 2008 
Litter of poplar forests Cu(II) – 60 0.0004 29.33 0.972 Dundar et. al. 2008 
Pretreated Aspergillus 
niger Cu(II) 
5.5 
± 
0.5 – 0.1888 2.61 0.99 
Mukhopadhyay et. al 
2007 
Lentil shell Cu(II) 6 20 0.019 8.98 0.98 Aydin et al., 2008 
 Cu(II) – 40 0.022 9.51 0.981 Aydin et al., 2008 
 Cu(II) – 60 0.041 9.59 0.999 Aydin et al., 2008 
Wheat shell Cu(II) – 20 0.002 7.39 0.925 Aydin et al., 2008 
 Cu(II) – 40 0.004 16.08 0.791 Aydin et al., 2008 
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 Cu(II) – 60 0.005 17.42 0.883 Aydin et al., 2008 
Rice shell Cu(II) – 20 0.011 1.85 0.991 Aydin et al., 2008 
 Cu(II) – 40 0.016 2.31 0.982 Aydin et al., 2008 
 Cu(II) – 60 0.018 2.95 0.987 Aydin et al., 2008 
Pre-treated arca shell 
biomass Cu(II) – – 0.059 26.88 0.979 Dahiya et al., 2008 
Myriophyllum spicatum L. Cu(II) – – 0.012 113 0.11 Lesage et al., 2007 
Gelidium Cu(II) 5.3 20 0.015 33 ± 2 0.986 Vilar et al., 2008 
Gelidium Cu(II) – 35 0.013 45 ± 4 0.94 Vilar et al., 2008 
Algal waste Cu(II) – 20 0.028 
16.7 ± 
0.9 0.95 Vilar et al., 2008 
Algal waste Cu(II) – 35 0.053 
17.0 ± 
0.6 0.95 Vilar et al., 2008 
Cedar sawdust Cu(II) 5–6 25 0.0036 294.12 0.977 Djeribi et al., 2008 
 Cu(II) – 35 0.0063 144.93 0.977 Djeribi et al., 2008 
 Cu(II) – 45 0.0078 106.38 0.98 Djeribi et al., 2008 
Crushed brick Cu(II) – 25 0.0053 153.85 0.973 Djeribi et al., 2008 
 Cu(II) – 35 0.0069 104.17 0.977 Djeribi et al., 2008 
 Cu(II) – 45 0.001 68.03 0.978 Djeribi et al., 2008 
PVA-Sargassum Cu(II) 5 22 ± 1 28.07 0.21 0.96 Sheng et al., 2008 
Freely suspended 
Sargassum Cu(II) – – 2.86 0.96 0.98 Sheng et al., 2008 
Grape stalk waste Cu(II) – – – 10.1 – 
Villaescusa et al. 
2004 
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Rhyzopus oryzae (viable) Cu(II) 
4 – 
6 21 0.129 19.4 0.999 
Villaescusa et al. 
2004 
Rhyzopus oryzae (NaOH 
treated) Cu(II) – – 0.028 43.7 0.999 
Villaescusa et al. 
2004 
Lignin Cu(II) – – 0.4309 22.87 0.978 Guo and Zhang, 2008
Non-living lichen biomass 
of Cladonia rangiformis 
hoffm Cu(II) – 15 0.1051 7.69 0.998 
Ekmekyapar et al., 
2006 
Lignocellulosic substrate 
(Wheat bran extract) Cu(II) 4.5 – 2.96 12.58 0.98 Dupont et al. 2005 
Lignocellulosic substrate 
(Wheat bran extract) Cu(II) – – 7.57 10.61 0.99 Dupont et al. 2005 
Lignocellulosic substrate 
(Wheat bran extract) Cu(II) – – – 6.86 – Dupont et al. 2005 
Phosphorylated orange 
waste Cu(II) 4.5 – 0.0452 67.35 0.99 Ghimire et al., 2008 
Birch wood Betula sp. Cu(II) 5.5 22 ± 1 0.2 4.9 
>0.99
7 Grimm et al., 2008 
Brown alga Fucus 
vesiculosus Cu(II) – – 1.1 23.4 
>0.99
7 Grimm et al., 2008 
Mimosa pudica inoculated 
with TJ208 Cu(II) 5 – 0.099 25.4 0.966 Grimm et al., 2008 
Mimosa pudica without 
inoculation Cu(II) 5 – 0.0614 22.7 0.923 Grimm et al., 2008 
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Marine algae DP95Ca 
(Durvillaea potatorum) Cu(II) 1 – 0 2.54 – 
Matheickal and Yu, 
1999 
Marine algae DP95Ca 
(Durvillaea potatorum) Cu(II) 2 – 0.0031 11.44 – 
Matheickal and Yu, 
1999 
Marine algae DP95Ca 
(Durvillaea potatorum) Cu(II) 3 – 1.1457 62.9 – 
Matheickal and Yu, 
1999 
Marine algae DP95Ca 
(Durvillaea potatorum) Cu(II) 4 – 1.7485 76.88 – 
Matheickal and Yu, 
1999 
Marine algae DP95Ca 
(Durvillaea potatorum) Cu(II) 5 – 2.6251 82.6 – 
Matheickal and Yu, 
1999 
Marine algae ER95Ca 
(Eckloniaadiate) Cu(II) 1 – 0.0976 4.45 – 
Matheickal and Yu, 
1999 
Marine algae ER95Ca 
(Eckloniaadiate) Cu(II) 2 – 0.063 28.59 – 
Matheickal and Yu, 
1999 
Marine algae ER95Ca 
(Eckloniaadiate) Cu(II) 3 – 0.6295 60.36 – 
Matheickal and Yu, 
1999 
Marine algae ER95Ca 
(Eckloniaadiate) Cu(II) 4 – 1.289 67.35 – 
Matheickal and Yu, 
1999 
Marine algae ER95Ca 
(Eckloniaadiate) Cu(II) 5 – 2.0696 70.53 – 
Matheickal and Yu, 
1999 
Orange peel  Cu(II) 6–8 – – 6.01 – 
 
Annadurai et al., 2002
Pecan shell Cu(II) 3.6 – – 95 – 
Shawabkeh et al. 
2002 
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phosphoric acid-activated 
pecan shell carbon Cu(II) – – – 6.84 – Bansode et al., 2003
carbon dioxide-activated 
pecan shell carbon Cu(II) – – – 0.001 – Bansode et al., 2004
steam-activated pecan shell 
carbon Cu(II) – – – 18.1 – Bansode et al., 2005
Rice husk (tartaric acid 
modified) Cu(II) 5.2 27 ± 2 0.1 29 – Wong et al. 2003 
Rice husk (tartaric acid 
modified) Cu(II) – 50 ± 2 0.05 22 – Wong et al. 2003 
Rice husk (tartaric acid 
modified) Cu(II) – 70 ± 2 0.03 18 – Wong et al. 2003 
Tea waste Cu(II) 5–6 22 0.0076 48 0.994 
Amarasinghe and 
Williams, 2007  
Terrestrial moss 
Pleurozium schreberi Cu(II) – – 1.15 11.1 
>0.99
7 Grimm et al., 2007 
Thiobacillus ferrooxidans Cu(II) – 37 – 198.5  - 
Ruiz-Manriquez et al. 
1997 
Trametes versicolor Cu(II) – – – 116.9  - 
Bayramoglu et al., 
2003 
Tree bark Cu(II) – – – 21.6  - 
Gaballah and 
Kilbertus, 1998 
Staphylococcus xylosus Cu(II) 1 – – 143  - 
Gaballah and 
Kilbertus, 1998 
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Spent grain Cu(II) 4.2 – 0.08 10.47 0.995 Lus et al. 2008  
Peanut hulls Cu(II) – – – 65.6  - 
Periasamy and 
Namasivayam, 1996.
P. chrysosprium Cu(II) – – – 26.5 - Say et al., 2001 
Biosorbent Solute 
Operational 
condition Langmuir parameters 
Reference pH T C 
KL 
(L/mg)
Qmax 
(mg/g) R2 
Aspergillus fumigatus  
(FeCl3) As(III) 
 6.8
–7.2   0.444 0.538 –  
Sathishkumar et al., 
2008 
Aspergillus fumigatus  
(FeCl4) As(III) 
 6.8
–7.3   0.139 0.282 –  
Sathishkumar et al., 
2009 
Atlantic Cod fish scale As(III) – – 5.2 0.0248 0.985 Rahaman et al., 2008 
Phosphorylated orange 
waste As(III) – – 0.0174 91.4 0.98 Ghimire et al., 2008 
Penicillium canescens As(III) – – – 26.4 – 
Say  and Denizli, 
2003a 
Penicillium purpurogenum As(III) – – – 35.6 – 
Say  and Denizli, 
2003b 
Garcinia Gambogia fresh 
untreated As(III)  – – 0.011 128.1 0.971 Kamala et al., 2005 
Garcinia Gambogia 
immobilized As(III) 6 – – 704.11 – Kamala et al., 2006 
Rice polish untreated As(III) – 20 5 0.1388 0.996 Ranjan et al., 2009 
Petroselinum crispum 
(parsley) iron modified 
pyrolised  As(III) – – 1.78 0.31 0.97 
Jiménez-Cedilloa et 
al., 2013 
Petroselinum crispum 
(parsley) iron modified As(III) – – 0.34 0.06 0.91 
Jiménez-Cedilloa et 
al., 2014 
Coconut husk Carbon As(III) 12 30 – 146.3 – Manju et al., 1998 
Red mud (RRM)  As(III) 7.25 – – 0.663 – 
Altundogan et al., 
2002 
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Orange juice residue As(III) – 30 – 70.43 –  Ghimire et al., 2002
Orange juice residue As(V) – 30 – 67.43 –  Ghimire et al., 2003
Rice husk As(V) 8   5 0.0225 0.986 Asif and Chen, 2015 
Fe (III) Alginate gel As(V) 4 – – 352 – 
Min and Hering,  
1998 
Humic Acid As(V) – – – 7.9 – 
Thanabalasingam and 
Pickering, 1986 
Phosphorylated orange 
waste As(V) – – 0.0358 73.42 0.99  Ghimire et al., 2008
Atlantic Cod fish scale As(V) – - 8.8 0.0267 0.988 Rahaman et al., 2008 
Rice polish As(V) 4 20 15 0.1475
0.997
6 Ranjan et al., 2009 
Water Lettuce Pistia 
stratiotes L As(V) 7 – – 1.43 – 
Mukherjee and 
Kumar, 2005  
Tea fungal treated with 
FeCl3 As(V) 6 – – 5 0.93 
 Mamisahebei et al., 
2007 
Petroselinum crispum 
(parsley) iron modified As(V) – – 2.3 0.19 0.97 
Jiménez-Cedilloa et 
al., 2013 
Petroselinum crispum 
(parsley) iron modified 
pyrolised  As(V) – – – – – 
Jiménez-Cedilloa, 
2014 
Human hairs As(V) 7 22 – 0.012 – 
Wasiuddin et al., 
2002 
Coconut shell carbon with 
3%ash As(V) 5 25 – 2.4 – Lorenzen et al., 1995 
Coconut coir pith 
synthesized As(V) 7   0.23 13.57 – 
Anirudhan et al., 
2007 
Shelled Moringa oleifera 
seeds powder As(V) 2.5 – – 2.14 – Li et al., 2007 
Pine leaves (Pinus 
roxburghii) untreated As(V) 3.27 – 0.12 3.27 0.989 
Anirudhan et al., 
2007 
Stem of A. nilotica 
untreated As(V)  20 5.42 0.714 0.977 Baig et al., 2010 
Lessonia nigrescens (kelp) As(V) 2.5 – 0.0133  45.2 –  lhn of., 2006 
Waste crab shells (HCl) As(V) 2.51 – – 8.3 – Niu et al., 2007 
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Citrus aurantifolia Swingle 
(FeCl3) As(V)      0.474 – 
Marin-Rangel et al., 
2011 
Red mud  As(V) 3.5 –   0.514 – 
Altundogan et al., 
2002 
Biosorbent Solute 
Operational 
condition Langmuir parameters 
Reference pH T C 
KL 
(L/mg) 
Qmax 
(mg/g) R2 
Bacillus sp.  Hg(II) 6 25   7.9 - Green-Ruiz, 2005 
Carica papaya Hg(II) 6.5 30 ± 2 0.004 155.63 0.995 Basha et al., 2008 
Cystoseira baccata Hg(II) 6 - - 329   Herrero et al., 2005 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Hg(II) 4.7 10 0.0862 80.24 1 Shaker, 2003 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Hg(II) - 20 0.1176 76.22 1 Shaker, 2004 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Hg(II) - 30 0.15 76.22 1 Shaker, 2005 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Hg(II) - 40 0.1949 78.23 1 Shaker, 2006 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Hg(II) - 50 0.2353 84.25 1 Shaker, 2007 
Magnetically modified 
brewer's yeast Hg(II) 5 4 0.147 48.3 0.991 Yavuz, 2006 
Magnetically modified 
brewer's yeast Hg(II) - 15 0.172 74.1 0.989 Yavuz, 2007 
Magnetically modified 
brewer's yeast Hg(II) - 25 0.158 93.4 0.992 Yavuz, 2008 
Magnetically modified 
brewer's yeast Hg(II) - 35 0.119 133.3 0.995 Yavuz, 2009 
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Penicillium oxalium var. 
Armeniaca NaOH Hg(II) 
5-
6.2 - - 269.3 - Svecova et al., 2006 
Tolupocladium sp. Hg(II) 7 - - 161 - Svecova et al., 2006 
Biosorbent 
 
Solute 
Operational 
condition Langmuir parameters 
Reference  pH T C 
KL 
(L/mg) 
Qmax 
(mg/g) R2 
 Cassia fistula(Golden 
Shower)Leaves Ni(II) 6 30 0.0126 163.93
0.97
1 Hanif et al., 2008 
 Stem bark Ni(II)     0.002 172.41
0.95
9 Hanif et al., 2008 
 Pods bark Ni(II)     0.0345 196.07
0.98
1 Hanif et al., 2008 
Grape stalk waste Ni(II)       10.6   
Villaescusa et al. 
2004 
Sugar beet pulp Ni(II)       73.8   Reddad et al 2003 
Tea factory waste Ni(II) 4 25 0.088 15.26
0.99
2 
Malkoc and Nuhoglu, 
2005 
Tea factory waste Ni(II)   45 0.093 17.73
0.99
9 
Malkoc and Nuhoglu, 
2005 
Bacillus thuringiensis Ni(II) 6 35   45.6   Ozturk, 2007 
Streptomyces rimosus Ni(II) 6.5     32.6   Selatnia et al., 2004d 
Calcium alginate Ni(II) 5 – 0.0036 310.4 0.99 Vijaya et al., 2008 
Chitosan coated calcium 
alginate Ni(II)     0.024 222.2 0.99 Vijaya et al., 2008 
Chitosan coated silica Ni(II)     0.0026 254.3
0.99
4 Vijaya et al., 2008 
Living ureolytic mixed 
culture Ni(II) 6 20
8 × 
10−5 12.58 0.88 Isik, 2008 
Non-living ureolytic mixed 
culture Ni(II)     
5.9 × 
10−5 7.41 0.69 Isik, 2008 
Protonated rice bran (using 
H3PO4) Ni(II) 6 30
9.43 × 
10−6 46.51
0.94
1 Zafar et al., 2007 
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Pre-treated arca shell 
biomass Ni(II)     0.281 11.75
0.99
2 Dahiya et al., 2008 
Myriophyllum spicatum L. Ni(II)     0.25 3 1 Lesage et al., 2007 
Bacillus thuringiensis 
(vegetative cell) Ni(II) 6 35 0.016 35.46 0.99 Ozturk, 2007 
Bacillus thuringiensis 
(spore- crystal mixture) Ni(II)     0.036 45.87 0.99 Ozturk, 2007 
Baker's yeast Ni(II) 6.75 27 0.212 9.01
0.95
4 Padmavathy, 2008 
Baker's yeast Ni(II)   40 0.137 8.46
0.94
2 Padmavathy, 2008 
Baker's yeast Ni(II)   50 0.094 7.73
0.91
5 Padmavathy, 2008 
Baker's yeast Ni(II)   60 0.062 7.37 0.93 Padmavathy, 2008 
Sargassum wightii Ni(II) 3 30 0.0054 63.2
0.98
2 
Vijayaraghavan et al., 
2006 
Sargassum wightii Ni(II) 3.5   0.0055 76.1
0.98
9 
Vijayaraghavan et al., 
2006 
Sargassum wightii Ni(II) 4   0.0065 81.2
0.98
6 
Vijayaraghavan et al., 
2006 
Sargassum wightii Ni(II) 4.5   0.0057 79.1
0.99
1 
Vijayaraghavan et al., 
2006 
Chlorella vulgaris Ni(II)     70.9 0.03
0.99
9 Aksu et al., 2006 
Lignin Ni(II)     0.2511 5.99 0.85 Guo et al., 2008 
Activated sludge Ni(II) 5   0.1697 7.78 0.94 Hammaini et al., 2007
Reed pretreated Ni (II)   25 1.18 3.78 0.99 Farinella et al., 2007 
Orange peel  Ni (II) 6–8     6.01   
 
Annadurai et al., 2002
Orange peel  Ni (II) 6     158   Ajmal et al., 2001 
Pathenium Ni (II) 5     54.35   Kadirvelu et al., 2002
Banana peel  Ni (II) 6–8     5.8   
 
Annadurai et al., 2003
Hazelnut shell Ni (II) 3     10.11   Demirbaş et al., 2002
P. versicolor Ni (II)       57   Dilek et al., 2002 
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Biosorbent 
 
Solute 
Operational 
condition Langmuir parameters 
Biosorbent pH T C 
KL 
(L/mg) 
Qmax 
(mg/g) R2 
Aspergillus niger Pb(II) – 20 0.021 34.69 0.987 Dursun, 2006 
Aspergillus niger Pb(II) – 25 0.022 34.92 0.966 Dursun, 2006 
Aspergillus niger Pb(II) – 35 0.039 34.92 0.961 Dursun, 2006 
Dried activated sludge Pb(II) 4 – 0.032 131.6 0.977 Wang, 2006 
Bacillus sp Pb(II) – – – 92.3   Tunali, 2006 
Bacillus firmu Pb(II) – – – 467   
Salehizadeh and 
Shojaosadati, 2003 
Corynebacterium 
glutamicum Pb(II) – – – 567.7   Choi and Yun, 2004 
Tea waste Pb(II) – – 0.0494 65 0.957 
Amarasinghe and 
Williams, 2007 
Rose waste biomass Pb(II) 5 30 0.028 151.51 0.985 Javed et al., 2007 
Streptomyces rimosus Pb(II) –     135   Selatnia et al., 2004 
Waste beer yeast by-
product (S. cerevisiae) Pb(II) – 30 0.0883 55.71 0.998 Parvathi et al., 2007 
Leaves of saltbush 
(Atriplex canescens) Pb(II) – – 6.6 210.5 0.99 Yu et al., 2007 
Pseudomonas aeruginosa 
PU21 Pb(II) 5.5 –   79.5   Chang et al., 1997 
Caulerpa lentillifera Pb(II) 5 – 0.0711 28.99 0.984 Pasavant et al., 2006 
Caulerpa lentillifera Pb(II) 4 – 0.0324 24.19 0.996 Pasavant et al., 2006 
Caulerpa lentillifera Pb(II) 3 – 0.0144 15.94 0.998 Pasavant et al., 2006 
Cladophora fascicularis Pb(II) 5 25 0.0359 198.5 0.998 Deng, 2007 
Cladophora fascicularis Pb(II) – 35 0.0435 215.8 0.999 Deng, 2007 
Cladophora fascicularis Pb(II) – 45 0.0766 227.7 0.998 Deng, 2007 
Non-living green algae 
Cladophora fascicularis Pb(II) 5 25 0.0396 200.42 0.998 Deng, 2006 
Non-living green algae 
Cladophora fascicularis Pb(II) 5 35 0.0431 217.99 0.999 Deng, 2006 
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Non-living green algae 
Cladophora fascicularis Pb(II) 5 45 0.0759 229.92 0.998 Deng, 2006 
Distillery sludge 
(untreated) Pb(II) 5 30 0.0188 71.43 0.983  Nadeem et al., 2008
Distillery sludge 
(autoclaved) Pb(II) 5 30 0.017 81.3 0.98  Nadeem et al., 2008
Distillery sludge (HCl 
treated) Pb(II) 5 30 0.0235 85.47 0.995  Nadeem et al., 2008
Distillery sludge (NaOH 
treated) Pb(II) 5 30 0.0219 91.74 0.984  Nadeem et al., 2008
Distillery sludge (HCHO 
treated) Pb(II) 5 30 0.0189 85.47 0.98  Nadeem et al., 2008
Distillery sludge (SDS 
treated) Pb(II) 5 30 0.0228 74.63 0.993  Nadeem et al., 2008
Pristine biomass (baker's 
yeast) Pb(II) 4.5 – 1.06 19.01 0.999 Yu et al., 2007 
Cystine modified biomass Pb(II) – – 1.25 45.87 0.998 Yu et al., 2007 
Hazelnut shell Pb(II) 6 – 4.178 28.152 0.981 Pehlivan et al., 2009 
Almond shell Pb(II) 6 25 0.344 8.0808 0.982 Pehlivan et al., 2009 
Poly (amic acid) modified 
biomass of baker's yeast Pb(II) 4.2   6.6 210.5 0.999 Yu et al., 2007 
Green algae Spirogyra 
species Pb(II) 5 25 0.021 140.84 0.99 Gupta et al., 2008 
Green algae Spirogyra 
species Pb(II) – 35 0.023 144.93 0.991 Gupta et al., 2008 
Green algae Spirogyra 
species Pb(II) – 45 0.024 151.57 0.997 Gupta et al., 2008 
Marine brown algae 
Laminaria japonica 
(epichlorohydrin 
crosslinking EC1) Pb(II) 5.2 – 0.1568 352.24 0.965 Luo et al., 2006 
Marine brown algae 
Laminaria japonica 
(epichlorohydrin 
crosslinking EC2) Pb(II) –   0.0815 343.95 0.994 Luo et al., 2006 
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Marine brown algae 
Laminaria japonica 
(modified with potassium 
permanganate) Pb(II) –   0.0109 391.61 0.835 Luo et al., 2006 
Marine brown algae 
Laminaria japonica 
(washed with distilled 
water) Pb(II) –   0.0299 273.5 0.916 Luo et al., 2006 
Peat Pb(II) 6 10 0.437 27.8 0.995 Yo, 2006 
Peat Pb(II) – 20 0.416 28.3 0.992 Yo, 2006 
Peat Pb(II) – 30 0.415 29.5 0.996 Yo, 2006 
Peat Pb(II) – 40 0.382 30.8 0.984 Yo, 2006 
Pre-treated arca shell 
biomass Pb(II) – 25 ± 2 0.069 30.39 0.985 Dahiya et al., 2008 
Maize husk Pb(II) – – 
−4.58 × 
10−4 
−217.3
9 0.85 Igwe and Abia, 2007 
Maize husk (EDTA 
modified) Pb(II) – – 
7.36 × 
10−3 714.29 0.974 Igwe and Abia, 2007 
Brown seaweed Sargassum 
filipendula Pb(II) 4 30 ± 1
4.9600 
± 1.44 
1.80 ± 
0.02 0.999 Vieira et al., 2007 
Immobilized 
Saccharomyces cerevisiae Pb(II) 5 20 0.014 30.04 0.995 Cabuk et al., 2007 
Saccharomyces cerevisiae 
free cells Pb(II) – – – 79.2   Al-Saraj et al., 1999 
Wash, lyophilized 
Saccharomyces cerevisiae Pb(II) – – – 189   Bustard et al., 1998 
Saccharomyces cerevisiae 
Lab cultivated Pb(II) – – – 270.3   Ozer, 2009 
Caladium bicolor (wild 
cocoyam) Pb(II) 5 30 0.0393 37.17 0.999 Jnr and Spiff, 2005 
Caladium bicolor (wild 
cocoyam) Pb(II) – 40 0.038 52.63 0.994 Jnr and Spiff, 2005 
Caladium bicolor (wild 
cocoyam) Pb(II) – 50 0.0263 37.59 0.997 Jnr and Spiff, 2005 
Caladium bicolor (wild 
cocoyam) Pb(II) – 60 0.026 20.45 0.999 Jnr and Spiff, 2005 
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Caladium bicolor (wild 
cocoyam) Pb(II) – 70 0.025 8.81 0.999 Jnr and Spiff, 2005 
Caladium bicolor (wild 
cocoyam) Pb(II) – 80 0.012 5.49 0.999 Jnr and Spiff, 2005 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Pb(II) 3.6 10 0.2264 45.58 0.99 Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Pb(II) – 20 0.2639 43.51   Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Pb(II) – 30 0.3175 39.37   Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Pb(II) – 40 0.3778 37.29   Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Pb(II) – 50 0.402 41.44   Shaker, 2007 
Brown seaweed 
(Turbinaria conoides) Pb(II) 4 30 0.041 385.1 0.902 Senthilkumar, 2007 
Brown seaweed 
(Turbinaria conoides) Pb(II) 4.5 25 0.044 420.1 0.733 Senthilkumar, 2007 
Brown seaweed 
(Turbinaria conoides) Pb(II) – 30 0.048 439.4 0.842 Senthilkumar, 2007 
Brown seaweed 
(Turbinaria conoides) Pb(II) – 35 0.057 228 0.783 Senthilkumar, 2007 
Brown seaweed 
(Turbinaria conoides) Pb(II) 5 30 0.047 401.4 0.854 Senthilkumar, 2007 
Nopal (Opuntia 
streptacantha) Pb(II) 2 – 
2.868 × 
10−4 5.43 0.85 Miretzky et al., 2008 
Nopal (Opuntia 
streptacantha) Pb(II) 3 – 
6.118 × 
10−4 11.29 0.99 Miretzky et al., 2008 
Nopal (Opuntia 
streptacantha) Pb(II) 4 – 
20.41 × 
10−4 12.76 0.996 Miretzky et al., 2008 
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Nopal (Opuntia 
streptacantha) Pb(II) 5 – 
22.80 × 
10−4 13.39 0.998 Miretzky et al., 2008 
Nopal (Opuntia 
streptacantha) Pb(II) 6 – 
9.894 × 
10−4 12.34 0.981 Miretzky et al., 2008 
Lignin Pb(II) 5.5 20 0.2081 89.51 0.961 Guo et al., 2008 
Sugar beet pulp Pb(II) 
5.0 
– 
5.5 25 ± 1 0.4759 0.37 0.6 Pehlivan et al., 2009 
Phosphorylated orange 
waste Pb(II) 4.4 – 0.0367 251.05 0.99 Ghimire et al., 2008 
Ficus religiosa leaves Pb(II) 4 25 0.022 37.45 0.972 Qaiser et al., 2007 
Cupriavidus taiwanensis 
TJ208 Pb(II) 5 37 0.0211 50.1 0.956 Chen at al., 2008 
Mimosa pudica inoculated 
with TJ208 Pb(II) 5 – 0.0383 485 0.988 Chen at al., 2009 
Mimosa pudica without 
inoculation Pb(II) 5 – 0.0413 26.1 0.977 Chen at al., 2010 
Reed Pb(II) 4.5 – 
0.001.4
9 17.1552 0.99 
Southichak et al., 
2006 
Aspergillus niger 
(pretreated with NaOH)   – –   32.6   Dursun, 2006 
Marine algae DP95Ca 
(Durvillaea potatorum) Pb(II) 1
21 ± 
0.2 0 4.18   
Matheickal and 
Yu,1999  
Marine algae DP95Ca 
(Durvillaea potatorum) Pb(II) 2 – 0.1252 158.99   
Matheickal and 
Yu,1999  
Marine algae DP95Ca 
(Durvillaea potatorum) Pb(II) 3 – 4.3258 269.88   
Matheickal and 
Yu,1999  
Marine algae DP95Ca 
(Durvillaea potatorum) Pb(II) 4 – 11.8159 307.54   
Matheickal and 
Yu,1999  
Marine algae DP95Ca 
(Durvillaea potatorum) Pb(II) 5 – 23.7369 324.28   
Matheickal and 
Yu,1999  
Marine algae ER95Ca 
(Eckloniaadiate) Pb(II) 1 – 0.0425 10.46   
Matheickal and 
Yu,1999  
Marine algae ER95Ca 
(Eckloniaadiate) Pb(II) 2 – 0.4421 87.87   
Matheickal and 
Yu,1999  
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Marine algae ER95Ca 
(Eckloniaadiate) Pb(II) 3 – 1.2413 207.12   
Matheickal and 
Yu,1999  
Marine algae ER95Ca 
(Eckloniaadiate) Pb(II) 4 – 1.7155 244.78   
Matheickal and 
Yu,1999  
Marine algae ER95Ca 
(Eckloniaadiate) Pb(II) 5 – 1.8584 263.6   
Matheickal and 
Yu,1999  
Undaria Pinnatifida Pb(II) 4 – – 350   Yong et al., 1995 
Ca-alginate based ion 
exchange resin Pb(II) 4 25 0.873 670.2 0.98 Chen et al., 2007 
Rice husk (tartaric acid 
modified) Pb(II) 5.3 27 ± 2 0.09 108   Wong e al., 2003 
Rice husk (tartaric acid 
modified) Pb(II) – 50 ± 2 0.02 105   Wong e al., 2003 
Rice husk (tartaric acid 
modified) Pb(II) – 70 ± 2 0.01 96   Wong e al., 2003 
Penicillium canescens Pb(II) – – – 213.2   Say et al., 2001 
Penicillium chrysogenum Pb(II) – – – 116   Niu et al., 1993 
Penicillium chrysogenum 
(modified) Pb(II) – – – 204   Deng and Ting, 2005 
Penicillium purpurogenum Pb(II) – – – 252.8   Say et al., 2001 
Pseudomonas putida Pb(II) 5.5 25 – 270.4   
Uslu and Tanyol, 
2006 
Grape stalk waste Pb(II) – – – 49.9   
Villaescusa et al. 
2004 
P. chrysosprium Pb(II) – – – 85.9   Say et al., 2001 
Biosorbent Solute 
Operational 
condition Langmuir parameters 
Reference  pH T (°C)
KL 
(L/mg) 
Qmax 
(mg/g) R2 
Aphanocethece 
halophytica Zn(II) 6.5 30 – 133 – 
Incharoensakdi and  
Kitjaharn,  2002 
Bacillus firmus Zn(II) – – – 467 – 
Salehizadeh and 
Shojaosadati, 2003 
Palm Tree Leaves Zn(II) 5.5 25 0.056 14.6 – Al-Rub,  2006 
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Leaves of saltbush 
(Atriplex canescens) Zn(II) – – −24.84 
−255.7
1 
0.008
8 Sawalha et al., 2007 
Rice bran Zn(II) 5 30 0.011 14.17 0.981 Wang, 2006 
Rice bran Zn(II) – 40 0.015 14.84 0.981 Wang, 2006 
Rice bran Zn(II) – 50 0.019 18.31 0.981 Wang, 2006 
Caulerpa lentillifera Zn(II) 5 – 0.0671 2.66 0.999 Pasavant et al., 2006 
Caulerpa lentillifera Zn(II) 4 – 0.05 1.65 0.995 Pasavant et al., 2006 
Caulerpa lentillifera Zn(II) 3 – 0.0201 1.37 0.971 Pasavant et al., 2006 
Maize husk Zn(II) – – 
−3.26 × 
10−4 
−3330.
00 0.627 Igwe and Abia, 2007 
Maize husk (EDTA 
modified) Zn(II) – – 0.04 769.23 0.997 Igwe and Abia, 2007 
Myriophyllum spicatum L. Zn(II) – – 0.88 6.8 0.99 Lesage et al., 2007 
Bacillus jeotgali Zn(II)  25 0.06 105.2 0.528 
Green-Ruiz et al., 
2008 
Bacillus jeotgali Zn(II)   30 0.08 222.2 0.834 
Green-Ruiz et al., 
2008 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Zn(II) 4.4 10 0.3593 18.43 0.99 Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Zn(II) – 20 0.4327 18.43 – Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Zn(II) – 30 0.5398 18.43 – Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Zn(II) – 40 0.7141 18.43 – Shaker, 2007 
Dried non-living biomass 
(NB) of different 
Pseudomonas strains Zn(II) – 50 0.8272 19.06 – Shaker, 2007 
Gelidium Zn(II) 5.3 20 2.6  13 0.9 Pilar et al., 2007 
Algal waste Zn(II) – – 4.2 7.1  0.973 Pilar et al., 2007 
Lignin Zn(II) – – 0.2046 11.25 0.988 Guo et al., 2008 
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Azadirachta indica bark Zn(II) 6 30 ± 1 0.0572 33.49 0.998 King et al., 2008 
Lignocellulosic substrate 
(Wheat bran extract) Zn(II) 6.5 – 4.95 16.02 0.99 Dupont  et al., 2005 
Lignocellulosic substrate 
(Wheat bran extract) Zn(II) – – 5.45 6.67 0.99 Dupont  et al., 2005 
Lignocellulosic substrate 
(Wheat bran extract) Zn(II) – –  2.81 – Dupont  et al., 2005 
Activated sludge Zn(II) 6 0.6098 15.69 0.99 Hammaini et al., 2007
Reed  Zn(II)  25 1.83 2.64 0.99 Farinella et al., 2007 
Streptomyces rimosus  – – – 80 – Mameri et al., 1999 
phosphoric acid-activated 
pecan shell carbon Zn(II) – – – 13.9 – Bansode et al., 2003 
Pseudomonas putida Zn(II) 7 – – 6.9 – Pardo et al. 2003 
Pseudomonas putida CZ1  Zn(II) 5 30 – 17.7 – Chen et al., 2005 
Streptomyces rimosus Zn(II) 7.5 20 – 30 – Mameri et al., 1999 
carbon dioxide-activated 
pecan shell carbon Zn(II) – – – 6.62 – Bansode et al., 2004 
steam-activated pecan shell 
carbon Zn(II) – – – 7.38 – Bansode et al., 2005 
Orange peel  Zn(II) 6–8 – – 5.25 – Annadurai et al., 2002
Banana peel  Zn(II) 6–8 – – 5.8 – Annadurai et al., 2003
Thiobacillus ferrooxidans Zn(II) 6 25 – 82.6 – Celaya et al., 2000 
Thiobacillus ferrooxidans Zn(II) 6 40 – 172.4 – Liu et al., 2004 
Biosorbent 
Solute 
  
Operational 
condition Langmuir parameters 
Reference pH 
T 
(°C)
KL 
(L/mg)
Qmax 
(mg/g) R2 
Dried activates sludge Cr(II) 1 25 0.0063 294.1 0.986 Aksu et al., 2002 
Dried activates sludge Cr(II) 4.5   0.0055 95.2 0.992 Aksu et al., 2002 
Chitosan beads Cr(III) 5 – 
1.320 × 
10−4 30.03 0.998 Wan et al., 2006 
Free biomass Chlorella 
sorokiniana Cr(III) – 25 0.11 56.56 0.991 Nasreen et al., 2008 
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Loofa sponge immobilized 
biomass of Chlorella 
soronkiniana Cr(III)     0.387 68.51 0.996 Nasreen et al., 2008 
Rhodococcus opacus 
(bacteria strain) Cr(III) 5.2 25 0.0015 714.29 0.037 
Calfa and Torem, 
2008 
Gelidium Cr(III)     
2.1 + 
0.4 18 ± 1 0.933 Vikar et al 2007 
Algal waste Cr(III)     
3.3 + 
0.5 
11.8 ± 
0.5 0.946 Vikar et al 2007 
Water lily Cr(III) 
5 ± 
0.5 
30 °
C 0.031 6.11 0.979 Elangovan et al. 2008
Water hyacinth Cr(III)     0.05 6.61 0.957 Elangovan et al. 2008
Green taro Cr(III)     0.034 6.07 0.991 Elangovan et al. 2008
Mangrove leaves Cr(III)     0.032 6.54 0.926 Elangovan et al. 2008
Reed mat Cr(III)     0.042 7.18 0.989 Elangovan et al. 2008
Fucus vesiculosos Cr(III) 4.5
21 ± 
1 0.0362 62.91 0.98 Murphy et al. 2008 
Fucus spiralis Cr(III) 4.5   0.034 60.83 0.99 Murphy et al. 2008 
Ulva lactuca Cr(III) 4.5   0.0381 36.91 0.94 Murphy et al. 2008 
Ulva spp. Cr(III) 4.5   0.0265 53.03 0.99 Murphy et al. 2008 
Palmaria palmata Cr(III) 4.5   0.095 29.63 0.98 Murphy et al. 2008 
Polysiphonia lanosa Cr(III) 4.5   0.0258 33.79 0.99 Murphy et al. 2008 
Cocoa Shell Cr(III) 2     4.94   Meunier et al. 2003 
Biosorbent 
Solute 
  
Operational 
condition Langmuir parameters 
Reference pH 
T 
(°C)
KL 
(L/mg)
Qmax 
(mg/g) R2 
Lagerstroemia speciosa 
bark (CLSB) 
Cr (VI) 
   4.5558 24.3902
0.992
8 
Shalini and 
Agrawal(2015) 
Lagerstroemia speciosa 
bark (NLSB) 
Cr (VI) 
   0.8909 20.4082
0.966
5 
Shalini and 
Agrawal(2015) 
Rhizopus arrhizus 
Cr (VI) 
 1.3 30 0.331 23.92 0.965 
B.Preetha, 
T.Viruthagiri (2007)
Wool 
Cr (VI) 
 2 30 0.00715 41.15  
M.Dakiky et al. 
(2002) 
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Olive cake 
Cr (VI) 
   0.0047 33.44  
M.Dakiky et al. 
(2002) 
Sawdust 
Cr (VI) 
   0.00915 15.28  
M.Dakiky et al. 
(2002) 
Pine needles 
Cr (VI) 
   
0.005.4
4 21.5  
M.Dakiky et al. 
(2002) 
Almond 
Cr (VI) 
   0.00546 10.62  
M.Dakiky et al. 
(2002) 
Coal 
Cr (VI) 
   0.00115
6.78
 
M.Dakiky et al. 
(2002) 
Cactus 
Cr (VI) 
   0.00613 7.08  
M.Dakiky et al. 
(2002) 
Tamarindus indica seeds 
Cr (VI) 
 2 29
16023.0
7 0.098 0.938 
G.S. Agarwal et 
al.(2006) 
Crude Tamarind Fruit 
Shells(CFTS) 
Cr (VI) 
 3 0.050 74.62 0.990 
S.R.Popuri et 
al.(2007) 
HCl treated shells (H-TS) 
Cr (VI) 
   0.070 140.84 0.990 
S.R.Popuri et 
al.(2007) 
Oxalic acid treated shells 
(O-TS) 
Cr (VI) 
   0.035 151.51 0.990 
S.R.Popuri et 
al.(2007) 
Saccharomyces cerevisiae 
(yeast) 
Cr (VI) 
 2 0.1259 384.61 0.938 
K.Parvathi et 
al.(2007) 
Spirulina platensis (fresh) 
Cr (VI) 
 1.5 25 0.027 188.68 0.960 
S.V. Gokhale et 
al.(2008) 
Spirulina platensis (spent) 
Cr (VI) 
   0.050 212.76 0.990 
S.V. Gokhale et 
al.(2008) 
Chlorella vulgaris 
Cr (VI) 
   0.036 163.93 0.960 
S.V. Gokhale et 
al.(2008) 
Chitosan beads 
Cr (VI) 
 5
0.00342
1 76.92 0.998 
W.S. Wan Ngah et 
al.(2006) 
Eichhornia crassipes 
Cr (VI) 
 1   
K.Mohanty et 
al.(2006) 
A. niger 
Cr (VI) 
 2.2 25 0.0026 17.61 0.980 R.Kumar et al.(2008)
A. sydoni 
Cr (VI) 
   0.0022 9.07 0.970 R.Kumar et al.(2008)
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P. janthinellum 
Cr (VI) 
   0.0042 9.35 0.950 R.Kumar et al.(2008)
Bengal gram husk 
Cr (VI) 
 2 0.009 91.64 0.995 
N.Analya et 
al.(2005) 
Surfactant modified 
coconut coir pith 
Cr (VI) 
 2 32 0.124 76.3 0.979 
C.Namasivayam et 
al.(2008) 
Dead Bacillus 
licheniformis 
Cr (VI) 
 2.5 50 0.030 69.35 0.997 M.Zhou et al. (2007)
Lungbya putealis (HH-15) 
Cr (VI) 
 3 25 0.104 105.3 0.900 B.Kiran et al.(2007) 
Water lily 
Cr (VI) 
 5±0.5 30 0.027 5.11 0.984 
R.Elangovan et 
al.(2008) 
water hyacinth 
Cr (VI) 
   0.917 0.34 0.995 
R.Elangovan et 
al.(2008) 
Green taro 
Cr (VI) 
   0.042 1.42 1.000 
R.Elangovan et 
al.(2008) 
Mangrove leaves 
Cr (VI) 
   0.044 5.72 0.997 
R.Elangovan et 
al.(2008) 
Reed mat 
Cr (VI) 
   0.039 1.66 0.999 
R.Elangovan et 
al.(2008) 
Agaricus bisporus  
Cr (VI) 
 1 20 0.070 8.00 0.990 
N.Ertugay et 
al.(2008) 
Agaricus bisporu 
Cr (VI) 
  30 0.050 11.28 0.990 
N.Ertugay et 
al.(2008) 
Agaricus bisporu 
Cr (VI) 
  40 0.090 13.79 0.750 
N.Ertugay et 
al.(2008) 
Ficus religiosa leaves 
Cr (VI) 
 1 40 0.012 26.25 0.996 
V.Murphy et 
al.(2008) 
Fucus vesiculosos 
Cr (VI) 
 2 0.0339 42.63 0.980 
V.Murphy et 
al.(2008) 
Fucus spiralis 
Cr (VI) 
 2 0.0283 35.35 0.970 
V.Murphy et 
al.(2008) 
Ulva lactuca 
Cr (VI) 
 2 0.0379 27.55 0.990 
V.Murphy et 
al.(2008) 
Ulva spp. 
Cr (VI) 
 2 0.231 30.15 0.970 
V.Murphy et 
al.(2008) 
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Palmaria palmata 
Cr (VI) 
 2 0.1662 33.79 0.860 
V.Murphy et 
al.(2008) 
Polysiphonia lanosa 
Cr (VI) 
 2 0.469 45.75 0.940 
V.Murphy et 
al.(2008) 
Termitomyces clypeatus 
Cr (VI) 
 3 30 54.05 0.998 
S.K.Das, A.K.Guha 
(2007) 
Pinus sylvestris Linn 
Cr (VI) 
 1 25 0.045 238.1 0.979 H.Ucun et al. (2008)
Untreated draff 
Cr (VI) 
 3 0.018 163 0.950 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.012 145 0.977 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.011 89.8 0.989 
H.Sillerova et al. 
(2013) 
Pre-treated  draff 
Cr (VI) 
 3 0.043 277 0.970 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.032 229 0.943 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.046 184 0.968 
H.Sillerova et al. 
(2013) 
Untreated peatmoss 
Cr (VI) 
 3 0.105 240 0.927 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.125 129 0.913 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.114 93.2 0.974 
H.Sillerova et al. 
(2013) 
Pre-treated  peatmoss 
Cr (VI) 
 3 0.298 277 0.953 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.435 227 0.926 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.209 202 0.978 
H.Sillerova et al. 
(2013) 
Untreated sawdust 
Cr (VI) 
 3 0.070 69.6 0.812 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.005 56.2 0.825 
H.Sillerova et al. 
(2013) 
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Cr (VI) 
 6 0.037 14.3 0.897 
H.Sillerova et al. 
(2013) 
Pre-treated sawdust 
Cr (VI) 
 3 0.018 131 0.981 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.043 85.8 0.958 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.020 78.3 0.945 
H.Sillerova et al. 
(2013) 
Untreated grape waste 
Cr (VI) 
 3 0.060 470 0.964 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 0.052 464 0.976 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 0.043 350 0.979 
H.Sillerova et al. 
(2013) 
pre-treated grape waste 
Cr (VI) 
 3 − − − 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 4.5 − − − 
H.Sillerova et al. 
(2013) 
 
Cr (VI) 
 6 − − − 
H.Sillerova et al. 
(2013) 
Orange peel 
Cr (VI) 
 5 0.043 9
0.983
9 
Pakshirajan and 
Acheampong, 2013 
Banana peel 
Cr (VI) 
 5 0.05 3
0.958
4 
Pakshirajan and 
Acheampong, 2014 
walnut shell 
Cr (VI) 
 2-3.5 0.076 2.98 0.964 
Pehlivan and Altun, 
2008 
Hazelnut shell 
Cr (VI) 
 2-3.5 0.086 4.423 0.976 
Pehlivan and Altun, 
2008 
Hazelnut shell 
Cr (VI) 
 1  170  Kobya, 2004 
Almond shell 
Cr (VI) 
 
2-3.5 0.046 0.58 0.972 
E. Pehlivan, T. 
Altun. Biosorption of 
chromium(VI) ion 
from aqueous 
solutions using 
walnut, hazelnut and 
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almond shell.(2008). 
155-378–386 
Coconut shell charcoal 
(H2SO4) 
Cr (VI) 
 6  4.05  
Babel and 
Kurniawan, 2004 
Coconut shell charcoal 
(HNO3) 
Cr (VI) 
 3  10.88  
Babel and 
Kurniawan, 2005 
Sawdust 
Cr (VI) 
 2  15.82  Dakiky et al. 2002 
Maple sawdust 
Cr (VI) 
 5  5.1  Yu et al. 2003 
Activated Alumina 
Cr (VI) 
 4  1.6  Bishnoi et al., 2003 
Rice husk 
Cr (VI) 
 2  0.79  Bishnoi et al., 2003 
Aeromonas caviae 
Cr (VI) 
 2.5 20 284.4  Loukidou et al., 2004
Bacillus coagulans 
Cr (VI) 
 2.5 28 39.9  Srinath et al., 2002 
Bacillus lichenniformis 
Cr (VI) 
 2.5 50 69.4  Zhou et al., 2007 
Pseudomonas sp. 
Cr (VI) 
 4  95  Ziagova et al. 2007 
After this database, Pb was selected as one of the most studied heavy metal and the most 
toxic (Peter, 2003).  
2.4.2 Biosorbents to be used in permeable reactive barriers (Hybrid technology) 
When selecting the reactive material for PRB, it is needed to consider a high constant 
permeability at the site, the reactivity over the years (long-term stability) for cost-effective 
reasons, the availability near the site and non-hazardous for environment and construction 
(AFCEE, 2008; Roehl et al., 2005). Taking into consideration these important points table 
2.4 gives the most available and high-performance biosorbents that have been studied 
before, as potential reactive materials for PRB.  
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From the table, it could be observed that although many biosorbents are available the 
batch experiments are the main prove of its success. However, it is still needed to 
understand whether its applicability is possible in hybrid systems along with PRB. In this 
sense, I have chosen two biosorbents (brown seaweed and reed) to test with lead.   
2.4.3 Significance of the characterization of biosorbents to be used in PRB 
If biosorbents are considered to be used as reactive media for PRB technology, it is 
necessary to understand whether previous studies provide the information to evaluate 
them. From this point of view, firstly this thesis considers the features of actual material 
used as barriers in PRB (ZVI, zeolite, clay carbon), and the need to use our natural 
resources already existent in the sites of study (availability). It evaluates previous sorption 
studies and evaluates if the results are sufficient for sequenced barrier design. It also 
provides studies of mechanism, permeability, and affinity to other elements in accordance 
to the parameters that have major influence on the biosorbent effectivity to adsorb the 
contaminant. 
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Chapter 3 
Sorption study of lead to evaluate the suitability of biosorbent in PRB 
 
3.1 Introduction 
Even though water is crucial for our existence, over the last century this essential natural 
resource has been polluted by human activities without sufficient attention paid to 
preserving the environment. Indeed, over the last couple of decades, anthropogenic 
activities have increased heavy metal contamination; and mining has been and continues 
to be one of the main causes of water pollution around the world. Among the toxic heavy 
metal ions affecting our environment and human health, lead is the most toxic. When 
ingested beyond the permitted concentration, it can accumulate in the body and cause 
severe health disorders (Babel, 2004).  
Throughout the years, numerous strategies have been developed to remove heavy metals 
from mine discharges, requiring either the addition of chemicals, chemical precipitation, 
evaporation, electroplating, various membrane processes and the utilization of non-
renewable energy sources. Nevertheless, in isolated places and under specific conditions 
such as low contaminant concentrations and variation of temperature, these methods are 
considered costly and inefficient (Batty, 2004; Gupta, 2008). In the case of groundwater 
contamination, classic remediation is commonly used by methods such as pump 
extraction from affected aquifers and treatment above the ground with e.g. air stripping, 
carbon adsorption, biological reactors or chemical precipitation. However, because these 
types of systems require continuous energy input, they are considered inappropriate 
(Wantanaphong et al. 2005). For this reason, it is important to find new technologies to 
remove heavy metals from wastewater. There is a strong interest in passive treatment 
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methods since they involve the conscious improvement of water quality by naturally 
available energy sources. Although permeable reactive barrier (PRB) is an innovative 
passive treatment for water considered a promising alternative technology compared to 
more traditional methods (USEPA 2001). The most common material used in PRB, Zero-
Valent Iron (Fe0), is associated with porosity reduction, chemical reactivity, and hydraulic 
conductivity over time (Liang et al. 2003), making it necessary to find cost-effective 
reactive materials as an alternative. The use of biosorbents as barriers to remove 
pollutants from groundwater has been the topic of increasing attention over recent years. 
Natural and waste materials are notable among them because they provide inexpensive 
alternatives for use in remediation (Wantanaphong et al. 2005). While many different 
types of biomaterial have been tested as metal sorbents in batch experiments to assess 
their ability to remove metals, all of the significant work has been done for temperate 
regions, and their application in cold areas remains scarcely explored (Gore 2009). 
Furthermore, determining which of these biosorbents are best-suited for use in permeable 
reactive barrier techniques will depend on certain characteristics such as availability, 
removal performance, permeability, etc.  
In this chapter, sorption studies are conducted to evaluate whether these biosorbents could 
remain efficient as barriers. From myriad biosorbents studies, algae biomass has 
demonstrated high metal binding capacity due to polysaccharides, proteins or lipids 
contained on its surface (Bulgariu, 2012). As for brown algae, Lesmana (2009), 
summarized that the cell wall of brown algae contain three components (1) cellulose, the 
structural support; (2) alginic acid, a polymer of mannuronic and guluronic acids and the 
corresponding salts of sodium, potassium, magnesium, and calcium; (3) sulphated 
polysaccharides. Thus, it is believed that carboxyl and sulphate are the predominant active 
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groups in this alga (Kotrba, P. et al. 2011). For this reason, this research has focused on 
Undaria pinnatifida because of its higher capacity to remove heavy metals, already 
shown in previous studies (Yu et al. 1999, Romera E. et al 2007, Luo F et al. 2006, Plaza, 
2011). Also, this study has considered an inexpensive, effective and available biomass in 
Asia and many countries in the world. Phragmites australis is the most available 
perennial grass, it has been chosen in this study because of its high efficiency in wetlands 
and as biosorbent. (Boungheng , 2006; Soto et al. 2014). 
3.2 General aspects of Undaria pinatifida (Brown Seaweed)  
From the studies of Lee ,1989, Chapman,1980, Saito, 1975, brown algae, could be found 
in the marine environment at temporal to subpolar regions, it grows rapidly, densely and 
abundantly. According to their findings, brown seaweed division is Phaeophyta, and 
commonly two orders are necessary for adsorption studies, Laminariales and Fucales. 
Both have biphasic life cycle, the sporophyte (diploid) and gametophyte (haploid) stage 
which are macroscopic and microscopic size, respectively. This specie derives its color 
from carotenoid fucoxanthin and pheophycean tannins. Laminariales are found in 
different commercial uses, in Asia continent, they are commonly used as a food source.  
 
Figure 3.1 Cell wall structure in the Brown algae.  
Source: Thomas A. Davis, Volesky (2003). 
A typical cellular structure can be seen in Figure 3.1; the cell is composed by a 
microfibrillar skeleton called innermost layer which gives rigidity to the wall, and the 
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outer layer which can be compared to an amorphous matrix. As for alginate, it helps to 
the flexibility of the cell and contributes to its strength. There are 20% to 40% of the dry 
weight of brown seaweed. Brown algae also contain 5 to 20% sulfated polysaccharide 
fucoidan, about 40% of which is sulfate esters (Basha, 2008). As for the case of fucoidan, 
it can be found in the matrix but also within the inner cell wall. It also has many functional 
groups, such as hydroxyl (OH), phosphoryl (PO3O2), amino (NH2), and sulphydryl (SH), 
etc. (Kreger, 1962, Smidsrod,1996, Volesky, 2003, Lobban, 1996, Graham, 2000, Mehta, 
S. K., 2005). Therefore many brown algae were tested as biosorbents materials for the 
removal of heavy metals in contaminated areas, but U. pinnatifida has proved to be an 
excellent biosorbent for heavy metals. Its classification is shown in Table 3.1 by Guiry 
MD in 2011. 
 
Table 3.1 Classification of Brown Seaweed (U. pinnatifida) 
Empire Eukaryota 
Kingdom Chromista 
Phylum Heterokontophyta 
Class Phaeophyceae 
Order Laminariales 
Family Alariaceae 
Genus Undaria 
Species Pinnatifida 
Source: Guiry, M.D., & Guiry, G.M. (2011) 
The size can vary in a range up to three meters in length, a strap-like midrib (1-3 cm wide), 
which runs the full length of the thallus with edges of the midrib expanded as a thin, 
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membranous, pinnatifida blade with pinnae (50-80 cm long). Reproduction occurs by the 
annual release of asexual zoospores by the mature sporophyll. Gametophytes can remain 
viable for up to three years in their dormant state before they germinate. The capacity of 
microscopic stages to go torpid at high temperatures may allow this species to persist 
amid transport.(Hay, 1990, Parsons, 1994, Oh, 1996, Ohno, 1993). 
 
Figure 3.2 Global distribution of Undaria Pinnatifida 
Source:  Discover Life: http://pick4.pick.uga.edu/mp/20q?search=Phragmites+australis 
(access 2 May, 2016) updated with 
http://www.cabi.org/isc/?compid=5&dsid=59979&page=481&site=144 (access 8 May 
2016) 
However, in the 1970s, Undaria expanded by hitchhiking on other aquaculture species 
(e.g. oysters) or attached to cargo ships or fishing vessels; it is now found in Europe, 
North America, South America and Australia as it can be seen in Figure 3.2. Seaweed 
competition for light and substrate was found severe as it leads to the local exclusion or 
sharp decrease of native species (DeWreede RE, 1996, Department of the Interior Natural 
Resource Stewardship and Science of U.S., 2013)  
According to the Department of the Interior Natural Resource Stewardship and Science 
of U.S, this specie reduces biodiversity by overgrowing in native habitats hence causes 
Available 
Introduced species 
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economic losses in aquaculture. It also produces millions of spores with motile periods 
of up to 5 hours and has a propensity for colonizing floating objects which suggest it can 
easily be spread locally by natural dispersion. Studies made in South America showed a 
negative impact on a biodiversity as native commercial macroalgae and invertebrates 
might also be affected (Casas, 2004). The ecological impact of Undaria is considered 
harmful in some regions. However, it could be a positive impact when using it as 
biosorbent to remove high toxic contaminants from water and preserving our nature from 
water pollution. In Asia, this specimen could be found in the food industry due to its 
nutritional attributions. Thus, this investigation collect waste of seaweed from a food 
industry to test in this research 
3.2.1 Commercial seaweed waste 
In Asia continent especially Taiwan, Korea, Japan, Vietnam, China, Indonesia and 
seaweed has a lot of interest as food source or refined for its components. The common 
name of U. pinnatifida is wakame, considered the most popular eatable seaweed in Asia, 
can be found in salads and served in soups due to its sweet flavor. It is also minerals and 
fiber rich also contains polyunsaturated fatty acids, proteins, carotenoids, vitamins, and 
fucoxanthin (McHugh, 2002, Barsanti and Gualtieri, 2006, Murata and Nakazoe, 2001). 
Although these species in some countries have been classified as an unwanted species, 
some governments had reviewed its policy and allow the commercial use of it. To 
illustrate, in New Zealand, the farming of U. pinnatifida is allowed in selected infested 
areas; the harvest of U. pinnatifida can be carried out on artificial surfaces or by not 
vulnerable or sensitive harvest techniques if casted ashore (Hau, 2010). In this study, 
commercial brown seaweed was obtained from a food factory in Miyagi Prefecture, Japan. 
According to the producers the raw material is obtained from Dalian, China and it passed 
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through processes described in Figure 3.3. The seaweed is selected by separating the 
steam and the base which is not included as part of the food product as shown in Figure 
3.4. 
 
Figure 3.3 Food process Undaria pinnatifida 
Source: Modified from Food factory handout 
 
Figure 3.4 Undaria pinnatifida parts used as biosorbent  
Source: Modified from Kwang-Jae Park (2012) and adjusted with information from 
Food factory 
The used material is cut in certain particle size defined by the factory to prevail the 
Receiving
•Material arragment in a 
conveyer
•Impurities removal
•water wash
Slicing
•washer Salinity control
Dry Impurities removal Sieve
Dry
Selection of the 
product by 
color
Selection of the 
material by 
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Removal of impurities
•First waste product (This study)
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characteristics of the product. The waste utilized in this study is a product of the first 
residue obtained during the expert selection process. Therefore the quality of the material 
could be considered almost same as the one obtained in the commercial product. Undaria 
pinnatifida morphometric measurements can be seen in figure 3.5. 
 
Figure 3.5 Morphometric of Undaria pinnatifida 
PL is commonly used for the plant length; FL as for frond length; BW for blade width; UBW is 
the undivided blade width; MW the midrib width; SL as the stipe length; SPW for the 
sporophyll width; SPL is the sporophyll length; DSB is the distance between sporophyll and 
blade; LSH is the length between sporophyll and holdfast. 
Source: Kwang-Jae Park (2012) 
3.3 General aspects of reed 
According to the Plants database of the natural resources conservation service in the 
United State Department of Agriculture, we can obtain the Phragmites australis 
classification from table 3.2. Because of its wind-dispersed seeds, it is considered an 
active colonizer and can be found worldwide (Figure 3.7). Indeed, adverse impacts of this 
species are related to its ability to produce dense mats and crowd out native plant species 
and modification of marsh hydrology, and increase of fire potential. 
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Table 3.2 Classification of Reed 
Kingdom Plantae – Plants  
Subkingdom Tracheobionta – Vascular plants  
Superdivision Spermatophyta – Seed plants  
Division Magnoliophyta – Flowering plants  
 Class Liliopsida – Monocotyledons  
 Subclass Commelinidae –  
Order Cyperales –  
Family Poaceae – Grass family  
Genus Phragmites Adans. – reed  
Species Phragmites australis (Cav.) Trin. ex 
Steud. – common reed  
Source: Plants database, Natural resources conservation service, United State 
Department of Agriculture 
Phragmites australis is usually found throughout the temperate regions, mainly in 
riparian areas, slightly salty and freshwater marsh, riverbanks and lakeshores. Because of 
the stems that are break by the waves when fast flowing water. According to the United 
State Department of Agriculture. It is viewed as a persistent species that can develop in 
pH ranges of 4.8 – 8.2. It can endure high saltiness and poorly aerated sediments because 
in the roots and in the rhizomes there is a presence of air spaces in the ground section, 
which allow the transportation of air down the roots. Once settled, Phragmites australis 
can adversely affect local vegetation and natural life. It commonly excludes local 
vegetation as it is very dense and do not provide food or even shelter for the species or 
wildlife.  
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Figure 3.6 Global distribution of reed Source: Discover Life: 
http://pick4.pick.uga.edu/mp/20q?search=Phragmites+australis (access 02 May 2016) 
Phragmites can easily be found in wetlands and minimize the water flow because of rapid 
spread causing a decreased the flood retention of the wetland. The stems could retain 
sediments which result in a shallow waterbody, therefore, it is difficult to eradicate. Often  
this specie invades important sites that is for irrigation and roads, consequently, it needs 
a management strategy for its eradication.  
However, the application of this biomass has gained importance worldwide because of its 
high content on lignin and cellulose, especially on its wetlands use for wastewater 
treatment to remove nutrients and pollution. Reed characteristics of resistance to polluted 
environment can help to accumulate toxic heavy metals such as Zn, Pb and Cd. For this 
reason, some studies have been performed to use this biomass as heavy metal removal. 
Previous studies have showed its high-sorption capacity under low concentration 
condition, thus it can be used as an economical alternative material for permeable reactive 
barriers (Karunaratne et al 2004, Lenssen et al 1999, Kufel and Kufel, 1980). 
The purpose of this study was to examine the removal efficiency of lead by comparing 
reed (Phragmites australis) against commercial and raw brown seaweed (Undaria 
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pinnatifida) as biosorbents and potential alternative materials for PRB. The removal 
efficiencies of these materials were determinated in a series of batch experiments and in 
column systems. 
3.4 Objective 
 To compare column and batch test for lead removal to design permeable reactive 
barriers 
3.5 Materials and Methods  
3.5.1 Biosorbents of this study 
Three different biosorbents were used for this study. Raw seaweed (RSW) was collected 
in March, 2012 from a fish market close to Shiogama port, Japan. At the same time, 
commercial seaweed (CSW) was collected as a waste product from a seafood industry. 
Dry common reed (R) was harvested near Hirose River in Sendai City, in April 2012. The 
materials were freeze dried and reduced to a particle size of 0.125-0.250 mm and 1-2 mm 
for storage into a desiccator.  
3.5.2 Lead solution and analytical method 
Purified water was prepared using a Millipore Milli-Q (Millipore Advantage 5 UV Elix) 
water purification system. Pb2+ solutions of different concentrations were obtained by 
diluting lead (II) acetate trihydrate. Standard solutions were prepared for ICP (Optical 
Emission Spectrometer, Agilent Technologies 700 Series ICP-OE5). Standard acid and 
base solutions (HNO3 and NaOH base solution) were used for pH adjustment.  
3.5.3 Batch experiments  
Batch tests should be tested to initially screen prospective materials, and column tests to 
select the final medium (Gavaskar, 2000). Thus, Batch experiments were conducted to 
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determine the essential removal efficiency of lead biomaterials (Fig. 3.7). 0.1 g of 
biomaterial was added to 50 ml of lead solution and shaken for 24 hours. Various models 
have been used to describe the sorption of heavy metals, and the Langmuir model is 
frequently employed due to its simplicity and convenience (Febrianto et al. 2009, 
Amarasinghe, 2007, Antunes, 2003).  
 
Fig. 3.7 Batch experiments scheme 
Although it has been claimed that better results are obtained when a non-linear method is 
employed (Ho, 2006), the Langmuir Isotherm model was chosen for this study since it 
best fits the adsorption experimental data. Concentrations of 1.1,10,50,100 and 400 mg/L 
were used to study the equilibrium behavior. The uptake capacity at the equilibrium, qe 
(expressed as mg g-1) was calculated by Eq. (1): 
 
V
m
CC
Q eie
  (1) 
The equation describes the equilibrium where Qe is the amount of solute absorbed per 
unit weight of the adsorbent. Ce is the equilibrium or final concentration remaining in the 
solution; Ci is the initial concentration, both expressed in units of mg/L. V is the volume 
in liters of contaminant that is in contact with the sorbent (batch experiments); m is the 
amount of grams of biosorbent concentrations of the metal in the solution. A combined 
analysis of pH and particle size was carried out at T=4oC and T=20oC. 
The removal efficiencies of these biomasses were also compared with those cited in 
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earlier studies focused on the improvement of heavy removal due acid or basic pre-
treatment (Southichak et al. 2009; Plaza et al. 2011). Although pre-treatment tends to 
enhance the removal capacity of the biomass, it increases the cost of this technology. A 
comparison was made between the efficiency of lead removal from different biomasses: 
raw seaweed (RSW), commercial seaweed (CSW), treated seaweed (TSW), common reed 
(R), and treated reed (TR). Treated biomass was soaked in 0.2 M CaCl2 solution for 24 
hours, and then rinsed with water before being dried in an oven at 100oC.  
3.5.4 Column experiment  
The column system is considered a better way to estimate the performance of biomaterials. 
The design of the apparatus employed in this study was based on observations and 
findings found in the literature (Gavaskar, 1990; The Interstate Technology & Regulatory 
Council, 2011).  
As shown in Fig. 3.8, two column systems were set up: one for commercial seaweed and 
one for Reed. Both of the systems consisted of a tank with the heavy metal solution 
connected to a pump to transport the contaminant directly to the head tank to control the 
pressure of the system. The up flow then feeds a column which contains the biomaterial 
to remove the lead from the water. The two column systems were set up at the same time 
to test lead removal. Each cylinder was 20 cm in height with a diameter of 5 cm. 
Up flow was chosen in order to ensure proper distribution when simulating PRB. A 
volume of 196.34 cm3 of seaweed and a volume of 157.07 cm3 of Reed were introduced 
in the two different adsorption columns; the masses were 5 and 10 grams respectively. 
The samples at the outlet were collected every day to measure the removal performance 
of both biomasses, and pH was also measured throughout the experiment. The 
temperature was maintained at T= 20oC. 
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A solution of Pb2+ was prepared within a concentration of 10 ppm. The solution was fed 
upwards through a peristaltic pump with an inlet flow of 30 cm3 per hour. The average 
velocity was calculated by the following formula: 
A
Qvs 
 (2) 
vs - superficial velocity of a given phase, cm/s 
Q - volume flow rate of the phase, cm3/s 
A – cross-sectional area, cm2 
 
Fig3.8. Column system set up for estimating lead removal performance 
The superficial velocity or pseudo-velocity is also referred to as approach velocity. Since 
this also determines the particular discharge in groundwater, special care was taken to 
avoid the clogging noted by researchers when installing seaweed columns 
(Wantanaphong 2006; Chu 2001).  
3.6 Results and discussion  
3.6.1 Adsorption experiments  
The results of batch experiments were fitted by a Langmuir model with high correlation 
coefficients. The equilibrium isotherms at two different temperatures were obtained for 
each biomass. The increase in the equilibrium metal concentrations for R and CSW when 
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the temperature was under 4oC indicate an endothermic sorption process. However, RSW 
did not show any significant change at a low temperature.  
  
Table 3.3 Langmuir constants at different particle sizes. 
  20 oC 4oC 
Biomass Particle Size Qmax 
(mg/g)
b R2 Qmax 
(mg/g) 
b R2 
  (L/mg)  (L/mg)  
Reed (1-2mm) 19.5 0.100 0.99 17.9 0.105 0.99
(0.125 -
0.250mm) 
21.8 0.149 0.99 21.6 0.125 0.99
Commercial 
Seaweed 
(1-2mm) 232 0.219 0.95 217 0.186 0.98
(0.125-
0.250mm) 
233 0.528 0.95 217 0.368 0.95
Raw seaweed (1-2mm) 200 0.625 0.99 200 0.588 0.99
(0.125-
0.250mm) 
200 2.631 0.99 213 0.546 0.99
A combined analysis was made with different particles sizes at both temperatures. Table 
3.3 shows that when R with a particle size of 1-2 mm was exposed to low temperatures, 
neither its adsorption capacity nor affinity changed. However, for smaller particle sizes, 
the affinity was reduced at 4oC. In the case of CSW, the adsorption capacity increased at 
20oC, and reduced at 4oC. The same trend was observed for the affinity constant for both 
particle sizes. While the adsorption capacity of RSW was unchanged, a lower affinity was 
observed at 4oC. Thus, it can be inferred that temperature affects the affinity of the 
contaminant to the biomass surface more than Qmax.  
Previous studies have found that the higher performance of seaweed can be attributed to 
the major cell wall component of brown algae known as alginic acid, which is responsible 
for the binding of lead ions in this species (Yong et. al 1995). The abundance of alginic 
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acid is known to depend on the depth at which algae are grown and also seasonal 
variations, which can result in changes associated with its growth stages (Kreger 1962). 
Furthermore, the ratio of mannuronic acid to guluronic acid (M:G) can differ depending 
on which part of the plant is the polysaccharide (Davis et al. 2003). In the case of CSW, 
the food factory removed the steam and the base of Undaria pinnatifida from its product, 
whereas all parts of RSW were used in this study. Therefore, these differences and the 
continuous water washed given to CSW at the food factory could explain the variations 
of affinity and adsorption between the same species of biomass. Consequently, further 
studies are needed to quantify the alginic acid content in both biomasses. 
Another important factor taken into consideration was pH. The initial pH of 5.5 was raised 
at 20oC to 6.89 for RSW and 7.15 for CSW. At 4oC, the raised pH was 6.7 and 7.08 for 
raw and commercial seaweed respectively. However, in the case of R, the maximum raise 
of pH obtained was 5.7, which was almost the same as the initial pH condition at both 
temperatures. These results suggest that seaweed removal efficiency is closely related to 
the raise of pH. On the other hand, more lead contaminant was gradually adsorbed by the 
R biomass at 20oC than 4oC during the first 30 minutes. It was therefore determined that 
the removal process for R was slower at low temperature. In the case of CSW, equilibrium 
was reached after 60 minutes at 4oC, whereas higher adsorption was observed at 20oC 
when the solution reached 240 minutes. At low temperature, the results for RSW did not 
differ significantly regardless of temperatures until equilibrium was reached after 1440 
minutes. (Fig. 3.9) 
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Figure 3.9: Variation of pH and Qe between raw seaweed, commercial seaweed and 
treated seaweed in function of time. Initial concentration 10mg/L, volume of 
Pb2+=50mL, 0.1 g of biomass at 4oC and 20oC. 
Another important factor taken into consideration was pH. The initial pH of 5.5 was raised 
at 20oC to 6.89 for RSW and 7.15 for CSW. At 4oC, the raised pH was 6.7 and 7.08 for 
raw and commercial seaweed, respectively. However, in the case of R, the maximum raise 
of pH obtained was 5.7, which was almost the same as the initial pH condition at both 
temperatures. These results suggest that seaweed removal efficiency is closely related to 
the raise of pH. On the other hand, more lead contaminant was gradually adsorbed by the 
R biomass at 20oC than 4oC during the first 30 minutes. It was therefore determinated that 
the removal process for R was slower at low temperature. In the case of CSW, equilibrium 
was reached after 60 minutes at 4oC, whereas higher adsorption was observed at 20oC 
when the solution reached 240 minutes. At low temperature the results for RSW did not 
differ significantly regardless of temperatures until equilibrium was reached after 1440 
minutes. In the case of CSW, it is possible that physical adsorbance occurred at 4oC when 
the removal process started, whereas the amount of contaminant adsorbed at 20oC 
increased, because of temperature between both systems.  
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3.6.2 A comparison of removal efficiency in batch experiments  
The removal efficiencies of the biomasses examined in this experiment are shown in Fig. 
3.10. In the case of seaweed, the lead removal rates for the first 30 minutes were 84% and 
83.8 % for TSW and RSW, respectively. The uptake for CSW was 73% over the same 
period of time. While TR adsorbed 13.3% of lead and R adsorbed 8.5% at the beginning 
of the experiment. 
It should be addressed that the differences in the removal efficiencies of these biomasses 
became less significant when they reached the equilibrium; the lead removal rates for   
TSW, CSW and RSW were 98.9, 98.59 and 95.4%, respectively. In the case of reed, the 
maximum values reached were 28.1% for R and 29.8% for TR.  
 
Figure 3.10: Comparison of removal efficiency between RSW, CSW, TSW, TR, R. 
Initial concentration 10 mg/L, 0.2 M CaCl2 pre-treatment 
From these results it could be stated that the improvement of removal efficiency by pre-
treatment was not significant when using CSW and R. The higher values for lead removal 
by treated Undaria pinnatifida may have been due to the higher calcium content in the 
bio-sorbent as suggested by Southichak et al. (2008). 
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3.6.3 Column Experiments 
Both of the column systems (R and CSW) were studied under the same conditions. The 
flow rate remained stable in both of the columns during their lifetime, and pH variations 
helped to control the columns (Fig. 3.11).  
 
Figure 3.11: pH and flow rate on seaweed and reed columns 
The superficial velocity was calculated from equation (2) for each column to compare 
their performances. The velocity calculated for seaweed was 3.67 cm/day and that for 
reed was 4.58 cm/day, for reed. The retention time at a constant flow of 30cm3/h was 6.54 
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hours for the seaweed column and 5.2 hours for the Reed column. 
The results suggest that the seaweed column tended to have a lower superficial velocity 
than reed column, which may be due to the alginic acid content of the biomass. 
Nevertheless, the superficial velocity was controlled by the pumping system and 
remained almost constant for each column before the breakthrough. However, this factor 
needs to be taken into consideration in on-site studies. 
3.6.4 Removal efficiency comparison in column experiments  
From Fig.3.11, it is evident that both columns became saturated and broke through almost 
simultaneously. Even though the lead uptake in the seaweed column was reduced after 
saturation and breakthrough, the heavy metal continued to be adsorbed. For a better 
understanding of the removal process of both columns, a comparison was made between 
the calculated theoretical values of Qe using Langmuir equation and its constants were 
obtained from the batch experiments. For the reed column, Qe was calculated at 20oC 
with a value of 9.75 mg/g. Since 10 grams of biomass was used in this system, the 
theoretical column capacity was 97.5 mgPb per column. The results indicate that the final 
concentration found in the outlet was 0.23 mg/L on day 20, which is higher than the 
maximum limit set in the waste water standards. Moreover on day 22, the column reached 
a maximum removal at 98.5mgPb. The experimental results for the reed column were in 
good agreement with those established by theoretical calculations. In the case of the 
seaweed column, Qe was obtained at the same conditions with a value of as 781 mgPb. 
After the 23rd day, the removal performance of this column was reduced as the final 
concentration in the outlet reached 0.6 mg/L. Although contaminant was removed in the 
column system until day 88, a gradual decrease in the lead removal performance was 
noted. The start of the reduction in the adsorption capacity in the Reed and seaweed 
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columns occurred at almost the same time, after the first 20 to 24 days, respectively. In 
the case of the seaweed column, even though the surface binding area continued to adsorb 
lead contaminant, an efficiency of 66 % is not considered high enough for actual 
applications.  
 
Figure 3.12: Removal efficiency comparison between seaweed and reed columns 
On the other hand, results from the column experiment showed that the lead removal 
efficiency of reed biomass is as high as that of seaweed. The final concentrations found 
in the outlet for the reed column demonstrate that this biomass is capable of efficiently 
achieving the standard limits of waste water before its breaking through.  
Physical and chemical adsorptions are considered the primary mechanism of these 
biomasses (Southichak, 2002, Yong et. al 1995). Although the chemical adsorption of SW 
system resulted in high lead removal efficiency in the batch experiments, the lead removal 
efficiency in the column experiment was not high. However, physical adsorption was 
successful in the column systems for both R and SW. A comparison of the results obtained 
by both experiments (the batch test and the column system) for seaweed indicates that 
while lead and alginic acid react successfully, the lead removal efficiency decreased over 
time in the column system.  
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3.7 Conclusions 
The influence of temperature on lead adsorption by reed and commercial seaweed was 
verified in batch experiments. Our results indicate that the adsorption of lead is affected 
by temperature, but that the lead adsorption of raw seaweed does not seem to be affected 
by temperature. It was established that temperature has a greater effect on the particular 
affinity of the contaminant to the biomass than Qmax. The lead removal efficiency of 
reed was lower than brown seaweed in batch experiments due to its lower adsorption 
capacity. In the seaweed column system, it was shown that the removal efficiency of 
brown seaweed decreases gradually at the same rate of reed biomass even though 
contaminant continued to be removed.  Therefore, this study indicates that brown 
seaweed (Undaria pinnatifida) and reed (Phragmites australis) can be used in lead 
removal. It is, however, important to determine the leading mechanism which results in 
the breakthrough in these biomasses if they are to be used efficiently. Our results suggest 
that these biosorbents, due to their effectiveness at different temperatures and their high 
lead removal performance, have potential for use as reactive materials for PRBs. Further 
study is needed to investigate the utilization of these biosorbents in combination or 
consecutively sequenced barriers to ensure optimal permeability for use in permeable 
reactive barriers technology. 
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Chapter 4 
Determination of the dominant mechanism for lead removal by 
biosorbents 
4.1 Introduction 
The release of extensive amounts of heavy metals has affected our environment in the last 
decades. As heavy metals are not biodegradable, their tendency to accumulate in living 
organisms paves the way for health problems (Fu, 2011).Among countless toxic metals 
lead (Pb2+) has been more discharged than any other heavy metals. According to the 
previous studies, it has been calculated that its total amount of anthropogenic discharge 
to the oceans of the world is four times greater than the natural flux (Cardwell et al. 2002, 
Duruibe et al., 2007). When it lead is contained in drinking water, it causes serious health 
problems that end in extreme cases such as death (Volesky, 1990). Thus, Pb2+ is 
considered to be one of the most toxic metal ions, which has the risk of damaging mostly 
the brain, kidneys, circulatory system and nervous system (Babel and Kurniawan, 2003).  
Due to this variety of contaminants coming from different sources including agriculture, 
industries and especially mining, the groundwater resources have been under serious 
threat. Conventional methods; such as pump and treat are considered as expensive (Obiri-
Nyarko et al., 2014). A novel passive treatment; such as PRB (Permeable Reactive 
Barriers) is convenient and innovative for in situ remediation. This technology consists 
of permanent, semi- permanent or replaceable media placed across the flow of a plume 
of contaminated water.  
Due to the natural gradient of the flow, the contaminated plume can pass through the 
media and react to lead for a transformation of the contaminants to a less harmful 
compounds or attachment to the reactive materials (Obiri-Nyarko, 2014; 
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Thiruvenkatachari, 2007).  
The reactive media may depend on the contaminant to be treated, and how the reactive 
material interact with the contaminant should be examined. Heavy metals removal fit into 
the classification of sorption, with the immobilization within the complex formation in 
the cell or by adsorption or (Roehl K.E, 2005). The types of reactive materials for PRB 
are commonly the ones with high sorption capacity, capable to cause precipitation and 
those changing pH or redox potential also, those releasing nutrients/oxygen to enhance 
biological degradation (PEREBAR, 2002). The reactive media is commonly solid 
material called adsorbent, and the liquid phase is the solvent which contains any 
contaminant that could be sorbed (adsorbate, e.g. metal ions) by this solid phase. The 
fluid molecules, atoms or ions are attracted to the surface of a solid through physical 
interactions (physical adsorption – physisorption), with electrostatic attractive force or 
weak forces like Van der Waals and dipole-dipole force, or chemical adsorption 
(chemisorption) interactions, due to chemical binding like covalent and hydrogen 
bonding. The most important characteristic in this process is the high affinity of the 
sorbent for the species in the sorbate, as the solutes are removed from the solution until 
the amount of remaining solute in solution is in equilibrium with that at the surface. This 
equilibrium is described by Qe, by expressing the amount of solute absorbed per unit 
weight of adsorbent as a function of Ce, the residual, final or equilibrium concentration 
left in solution (Dabrowski, 2001; Walter, 1974).  
Although the most common media is the Zero-valent iron, nowadays, there is a tendency 
to use hybrid technology for pollutants removal, and this study utilizes biosorbents as 
materials for PRB’s technology. Biosorbents have an established method that tests the 
biomass to determine its affinity of the contaminants and its high adsorption capacity, 
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previous studies have focused only on the determination of kinetics and equilibrium 
parameters in batch systems. However, its application as biomaterials in the permeable 
reactive barriers remains little explored.   
The main reason why biological materials have gained attention throughout recent years 
is because of the low cost and excellent performance as alternative and innovative 
treatment techniques (Scott, 1992, Kurniawan, 2006). According to Kotrba in 2011, 
biosorbents are available in large quantities such as raw materials (marine algae) or 
agricultural wastes (reed) can be utilized as low-cost adsorbents for heavy metal removal. 
These materials help industries to reduce the cost of water remediation and providing a 
potential alternative to the activated carbon and Zero-valent iron (Kurniawan, 2006; 
Volesky, 1994; Wang, 2009). 
From literature, biosorption could be divided into two different classifications: 
nondependent metabolism (death biomass) and dependent metabolism (live biomass). 
This study is connected to the nondependent metabolism which consists of the removal 
of heavy metals from water depending on the nature of the biosorbent. The removal is 
mainly due the chemical-physical interactions with functional groups present on the cell 
wall of the biosorbent (carboxylic, phosphate, sulfate, amino, amide and hydroxyl groups) 
(Cox et al., 1999; Plette et al., 1995; Veglio’ and Beolchini, 1997). However, this 
functional groups will depend on the type of biomass, its origin, feasibility, and type of 
processing. For this reason, it is important to understand how to characterize each of them 
for its individual application. Previous findings had stated that numerous chemical groups 
attract and sequester metals in different biomasses, for example, acetamido groups 
commonly are responsible for binding in chitin, structural polysaccharides as for fungi; 
hydroxyls, carboxyls, and sulfates in polysaccharides of marine algae that belong to the 
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divisions Chlorophyta, Rhodophyta and Phaeophyta. Nevertheless, the presence of these 
groups does not always guarantee the sequestration of heavy metals (HM) (Perpetuo, 
2011). Therefore, an intensive effort has been made to investigate the binding properties 
of HM to the different types of biomass, which will depend on the biosorption mechanism. 
According to Gaur et al, 2014, for the non-dependent metabolism it could be classified 
into: 
 Physical adsorption involving van der Waall`s and electrostatic forces.  
 Ion exchange when the polysaccharides of cell act as counter ions and facilitate the 
exchange of bivalent metal ions. Commonly alginates (salts) can adsorb HM by 
exchange of counter ions.    
 Complexation: interaction of metals with active groups mediates their removal from 
solution via the formation of cell surface complexes. Complexation and adsorption 
of metals are brought about by carboxyl groups in microbial polysaccharides and 
polymers. 
 Precipitation: metabolism-independent precipitation results from the metal and cell 
surface interaction which is a chemical phenomenon. 
In recent years, investigations have shown that brown algae are the most efficient and 
promising substrates, and although many biomaterials have been studied, its feasibility 
on PRB application remains unexploited (Davis, 2003, Romera et al. 2007). Seaweed, for 
example, in Fig. 4.1 commonly sequestrates the HM by ion exchange, due to its alginate 
acid which is widely responsible for the metal sequestering properties of brown 
macroalgae. This acid is made of alternating blocks of unbranched binary copolymers of 
1,4-linked α-d-mannuronic (M) and β-l-guluronic (G) acid residues which are responsible 
for the binding to remove the HM. However, studies have shown that a difference in the 
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sequenced chain of the M-G ratios could influence the attraction of some divalent metals 
to alginates (Davis and Volesky, 2003). Plus, the quantity of guluronic acid was proven 
to be dependent on the genus of the algae and possible geographical factors. (Haug, A., 
1961, Lobban, 1996; Davis and Volesky, 2003; Graham, 2000). This differences on 
biosorbent are crucial to determinate the position of the biosorbent in the barrier, in this 
sense recommended for further evaluation. For this reason, undaria pinnatifida and 
phragmites australis were selected to be tested as PRB materials for their availability of 
almost unlimited amounts. Also, because of their regeneration without damaging their 
sorption capacity which was proven to be an important factor for their success in previous 
studies (Jalali R. et al. 2002, Southichak et al. 2009).  
 
 
Figure 4.1 Schematic uptake of various mono- and divalent metallicions of seaweed 
(Davis et al, 2003) 
This chapter evaluates the dominant mechanism through a column experiment to simulate 
the performance of the biosorbents as barriers for lead removal. The sequential extraction 
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procedure evaluates the chemical form of the cations bound to the sorbent for 
determination of the mechanism media. Since each biosorbent possess a complicated 
mechanism that determinates its effectivity on the removal, it is needed to acknowledge 
which biosorbents could be used as barriers. 
4.2 Objective 
 To study the dominant mechanism of Undaria pinnatifida and Phragmites australis 
in the column. 
4.3 Materials and Methods  
4.3.1 Materials  
A waste product of brown seaweed biomaterial (Undaria pinnatifida) was obtained on 
March 2012 from a seafood industry in Miyagi Prefecture, Japan. According to the 
company the seaweed comes from Dalian, China. This biomaterial passed through many 
previous processes in the industry that includes water wash and removal of impurities.  
The seaweed parts were selected by separating the stem and the base which is not included 
in this study. The biomaterial was cut in certain particles size defined by the factory to 
prevail the characteristics of the product. The waste utilized in this study is a product of 
the first residue obtained during the selection process. Therefore the quality of the 
material could be considered almost the same as the one obtained in the commercial 
product. On the other hand, reed as biomaterial (Phragmites australis) was harvested near 
Hirose River in Sendai City, Japan in April 2012. During this period of the year, this large 
perennial rhizomatous grass was completely dry. In size the range was 1.5 to 3 meters tall, 
its leaves were broad and sheath about 1-4 cm wide at their bases. For this study, both 
biomaterials were frozen dried, reduced to the particle size of 1-2 mm, and stored in a 
desiccator (Figure 4.2). 
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Figure 4.2 Biosorbents powder 
4.3.2 Methods  
4.3.2.1 Functional groups  
Fourier transform infrared spectroscopy (FTIR) was used a technique to obtain an infrared 
spectrum of absorption to acknowledge the functional groups in each biomass. 
4.3.2.2 Sorption studies  
For equilibrium studies, 0.1 g of biomaterial was mixed with 50 ml of heavy metal 
solution, and it was agitated for 24 hours. The Langmuir adsorption model was used to 
describe the equilibrium in the adsorption process. The hyperbolic form expressing the 
equilibrium metal uptake (qe mg/g) and the concentration of metal ions in solution at 
equilibrium (Ce mg/l) are as follows 
e
e
e bC
bCQq  1
max  (1) 
Where Qmax (mg/g) is the maximum uptake by the biomass, and b is the affinity constant 
to the isotherm.   
Laboratory scale columns were set to estimate biomaterials performance on PRB’s, the 
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design of these apparatus was based on previous considerations made by other researchers 
(Gavaskar, 1999). The water circulated from bottom to top to simulate the flow rate as it 
happens in the real field. The two PRB columns were carried out for reed (R) and brown 
seaweed (W) to state the removal performance of both biomaterials. Langmuir isotherm 
was used to model the performance of the columns. The column design was 20 cm height 
and diameter of 5 cm. The samples of the outlet were collected every day to state the 
removal performance of both biomasses; pH was also measured in this period. 
4.3.2.3 Sequential extraction experiment  
A sequential extraction experiment (Shao et al. 2013) was applied to the Pb (II) loaded 
biomaterials in the column. Samples were taken by dividing the reed column in three: 
Bottom (B), Medium (M) and Top (T). Metal speciation content from the sequential 
extraction method was performed in order to determine 4 fractions: 
 Water/acid soluble and exchangeable (F1) 
 Bound to Fe and Mn oxides (F2) 
 Bound to sulphides and organic matter (F3) 
 Residual (F4) 
F1 samples (0.5 g each) were shaken with 20 mL of 0.11M CH3COOH for 16 hours at 
room temperature (Reciprocal Shaker NR–1, Taitec). For F2, residues from previous step 
were shaken with 20 mL of 0.5M HONH2HCl for 16 hours at room temperature 
(Reciprocal Shaker NR – 1, Taitec). In between each extraction, the separation was 
obtained by centrifugation (Sorvall, Model RC2-B) at 3000 rpm for 20 min. By using a 
pipette the supernatant was removed and analysed for trace metals. The residue was 
washed using deionized water and centrifugated for 30 min and discarding the supernatant. 
Deionized water was used to prepare stock solutions and Millipore Milli-Q3RO/Milli-Q2 
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system. In the case of F3, residues from previous step were shaken with 5 mL of 8.8M 
H2O2 for 1 hour at room temperature (by Reciprocal Shaker NR – 1, Taitec) and 1 hour 
at 85 °C (water bath- Personal H–10 Incubator, Taitec). After the second hour, 10 mL of 
8.8M H2O2 was added to the sample and continued heating at 85 °C for 1 more hour 
(Personal H – 10 Incubator, Taitec). Once the samples were cooled – down, they were 
shaken with 30 mL of 1M CH3COONH4 for 16 hours at room temperature (by Reciprocal 
Shaker NR – 1, Taitec), then samples were centrifuged at 3,000 rpm for 20 min, the 
supernatant was removed and analysed for trace metals.  
Finally, the sample residues were digested using 8 ml of HNO3 in a microwave digestion 
system (Start D, Milestone). The digest volume was allowed to cool and filtered through 
filter paper ( = 110 mm, Advantec 5B). Afterwards, samples were made up to 50 mL 
with deionized water to be analysed for trace metals. Digest blank was conducted for each 
acid batch in which the acid digest process is repeated with no biomass present. 
4.4 Results and discussion  
4.4.1 Functional Groups  
The functional groups were acquired by FTIR which determines functional group on 
biomass on its wave number as it can be seen in Figure 4.3, for seaweed and reed 
respectively. Results obtained show that both biomass have functional groups that 
contribute with the binding of lead (carboxylic groups, phenolic hydroxyl, amine groups).  
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Figure 4.3 a) FTIR of seaweed  b) FTIR of reed 
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From previous studies, Pb removal using reed is 80% to its carboxylic groups. The reed 
functional groups can be found on table 4.1, observing the existence of carboxylic acids, 
esters and phenols mainly. Lignin, which chemically are cross-linked phenolic polymer, 
it is deposited in the cell walls of many plants, making them rigid and woody. Lignin is 
considered also responsible of the binding in plants such as reed. Therefore, functional 
group unit of carboxylate and lignin ester are more suitable for the capture of Pb when 
using reed (Southichak et al., 2006, Southichak et al. 2009).   
Table 4.1 Reed Functional Groups 
Reed Wave (cm-1) Bond Functional Group 
3430 O-H stretch, H-
bonded 
Alcohols, phenols (Hydroxyl groups) 
2920 C-H stretch 
O-H stretch 
Alkanes 
Carboxylic acids 
1740 C=O Carbonyls 
Carboxylic acids, esters, saturated aliphatic, 
aldehydes 
1640 -C=C stretch 
N-H bend 
Lignin 
Alkenes 
Primary Amines 
1520 N-O asymmetric 
stretch 
Lignin ester 
Nitro compounds 
1470 C-H bend 
C-C stretch (in-
ring) 
Alkanes 
Aromatics 
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1260 C-N stretch Aromatic Amines 
1170 C-O stretch Alcohols, carboxylic acids, esters, ethers 
602 C-Br stretch 
C-Cl stretch 
Alkyl halides 
For seaweed, commonly carboxylic groups are responsible for metal binding reactions. 
However, the presence of amine groups on the cell was confirmed of the peak 1550 cm-1 
(N-H bending) and peaks between 1270 (C-N stretching) as shown in figure 4.3 and table 
4.2. In some cases amine and sulfonate groups can play an important role depending on 
factors such as temperature, pH, etc.  
Table 4.2 Seaweed Functional Groups 
Seaweed Wave (cm-1) Bond Functional Group 
3440 O-H stretch, H-
bonded 
Alcohols, phenols 
2980 C-H stretch 
O-H stretch 
Alkanes 
Carboxylic acids 
2940 C-H stretch 
O-H stretch 
Alkanes, Carboxylic acids 
1650 -C=C-stretch Alkenes 
1550 N-H bend Primary Amines 
1440 C-C stretch (in-
ring) 
Aromatics 
1270 C-N stretch Aromatic amines 
1040 C-O stretch Alcohols, carboxylic acids, 
esters, ethers 
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883 =C-H, N-H, C-H  Alkenes, Primary, secondary 
amines, aromatics 
667 C-Br stretch, -C 
(triple bond), =C-H 
bend,   
Alkyl halides, alkenes, 
alkynes 
 
Other studies have shown that in the case of seaweed wall, alginate and fucoidan 
responsible for metal binding (Davis, 2003, Yalcin 2010). The polymer conformations of 
the two different blocks in alginate have a different molecular structure as shown in  
Figure 4.4, G-blocks and M-blocks could vary on the genus of the algae and geographical 
factors (Davis, 2003, Lobban, 1996, Graham, 2000). Thus seaweed biosorbent could be 
consider unique depending on the region and the species to use as a different chain 
sequence on M: G ratios can cause the variation in the affinity of some divalent metals 
( Pb2+, Cu2+, Cd2+, Zn2+, Ca2+ ). Previous studies have also shown that the affinity could 
be increased with the guluronic acid content (Haug, A., 1961).  
As for the functional groups, each of them have a specific dissociation constant (pKa), 
and it dissociates into particular anions and protons at a specific pH conditions, thus it is 
important to study the pH influence in this type of biomass. (Lobban, 1996, Graham, 
2000). 
 
Figure 4.4 Chain sequences of the alginate polymer. (Davis et al. 2003) 
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Previous studies have found a specific composition of elements in Undaria pinnatifida as 
showed in Table 4.3, with a high proportion of C in the wall cells that convert these 
seaweed in a potential biosorbent: 
 
Table 4.3 Composition Elements of Undaria Pinnatifida  
Biosorbent C H N S 
Undaria pinnatifida (%) 33.62 4.762 3.495 0.153 
Source: Yong Hwan Kim, 1999 
Also the general components of this particular seaweed Undaria pinnatifida can be found 
in the Table 4.4 to prove its importance as commercial product and the difference in 
components when it is raw, dry or soaked in water (Standard Table of food composition 
in Japan, 2005). The variation of the components vary whether wet or dry, also the 
location of where to biomass was gotten affect the quantity of alginic acid in the walls. 
(Chapman, 1980). For this reason it is always important to evaluate each characteristic or 
the biomass according to its location and availability. 
Table 4.4 Components classification of brown seaweed (Wakame) 
Components Raw Dried Soaked in water 
Protein (g) 1.9 13.6 2 
Lipid (g) 0.2 1.6 0.6 
Carbohydrate (g) 5.6 41.3 5.9 
Ash (g) 3.3 30.8 1.6 
Sodium (mg) 610 6600 290 
Potassium (mg) 730 5200 260 
Calcium (mg) 100 780 960 
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Magnesium (mg) 1100 130 620 
Phosphorus (mg) 36 350 47 
Iron (mg) 0.7 2.6 0.5 
Zinc (mg) 0.3 0.9 0.1 
Copper (mg) 0.02 0.08 0.02 
Manganese (mg) 0.05 0.32 0.06 
Iodine (µg) 1800 - 1900 
Selenium (µg) 1 - 1 
Chromium (µg) 1 - 1 
Molybdenum (µg) 3 - 2 
β –cryptoxanthin (µg) 26 93 97 
β –carotene equivalents (µg) 940 7800 1200 
Retinol activity equivalents 
(µg) 
79 650 100 
Vitamin K (mg) 140 660 120 
Thiamin (mg) 0.07 0.39 0.05 
Riboflavin (mg) 0.18 0.83 0.08 
Niacin (mg) 0.9 10.5 0.3 
Vitamin B6 (mg) 0.03 0.09 0.02 
Vitamin B12 (µg) 0.3 0.2 - 
Folate (µg) 29 440 46 
Pantothenic acid (mg) 0.19 0.46 0.05 
Biotin  (µg) 4.2 - 3.6 
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Ascorbic Acid (mg) 15 27 3 
Dietary Fibers (g) 3.6 32.7 5.8 
Salt equivalents (g) 1.5 16.8 0.7 
Source: STANDARD TABLES OF FOOD COMPOSITION IN JAPAN (2005). 
4.4.2 Sorption studies 
Langmuir model was utilized given its facility when considering the significant binding 
sites on the biomass are homogeneous without interaction between sorbed molecules. 
Batch experiment fitted Langmuir model with high correlation coefficients. Two 
equilibrium isotherms were plotted for each biomass at different temperature (T=4oC and 
T=20oC) as Fig. 4.5 shows. For reed, the maximum uptake at 20oC is 19.5 mg/g with an 
affinity of 0.1 L/mg. When it is compared with 4oC, the affinity becomes to 0.106 L/mg 
and the maximum uptake is 17.9 mg/g. The amount of adsorbed lead slightly increases 
with a variation of temperature from 4oC to 20oC. The constant b presents smaller values 
at both temperatures in comparison to other studies (Southichak et al. 2002, Southichak 
et al. 2009); this could be attributed to its dependence on the number of active sites present 
and how easily they can be accessed (Hashim, 2004). Therefore, the difference in affinity 
is accredited to the experiment conditions; common reed was only washed with water as 
an alternative material for permeable reactive barriers. In this sense reed biomass was not 
treated, because of the elevated cost of chemical treatment would lower the advantages 
of PRB. The materials will become costly and hence unsuitable for this technology (Park, 
2010; Rocca, 2007). The Langmuir adsorption constants were evaluated with high 
correlation coefficients value (R2). 
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Figure 4.5 Langmuir Isotherm (a) Reed Phragmites australis (R) and (b) 
Commercial Seaweed Undaria pinnatifida (W) (Initial concentration 10 mg/L, pH 
5.5, volume of Pb+2 50mL, 0.1 g of biomass at 4 oC and 20 oC.) 
As for commercial seaweed, figure 4.5 shows that maximum uptake could be found on 
temperature 20oC, in contrast to 4oC conditions. Therefore, the optimum temperature for 
bio-sorption is 20oC, implying an endothermic process. As for b, higher affinity of lead 
to commercial brown seaweed can also be observed at 20oC. As other studies confirmed, 
temperature is a factor that could lead to the variation of the biomass performance. In this 
study, commercial seaweed has lower affinity at low temperatures. It was observed for 
both biomaterials that temperature of 20oC had better results on removing lead compared 
to the temperature of 4oC (Soto-Rios et al. 2014). Therefore, all parameters were studied 
at this temperature. 
Table 4.5 Langmuir constants 
BIOMASS  T 
(OC) 
QMAX 
(mg/g) 
b 
(L/mg)
R2 REFERENCE
Reed (1-2 mm) 20 19.46 0.100 0.99 This study 
Treated Reed (0.9 mm) room 17.18 1.789 0.99 Southichak 
(2002) 
Calcified Reed (0.5-1 mm) room 10.35 2.275 0.99 Southichak 
(2009) 
Commercial brown seaweed 
(1- 2 mm) 
20 227.3 0.22 0.96 This study 
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Two constants were obtained from Langmuir model, Qmax as the maximum amount of 
metal ions adsorbed per unit weight of adsorbent and b as the coefficient of affinity 
between the metal ion and the adsorbent. For reed, Qmax is 19.5 mg/g and b equals to 0.1 
L/mg, in the case of seaweed 232 mg/g and 0.219 L/mg respectively (Table 4.5). From 
the constants, we can state that seaweed.has higher adsorption capacity and higher affinity 
to the contaminant. These results help us to find the theoretical value when column 
systems are tested. However, results from the column showed that the removal efficiency 
observed on water analysis was 99.7 % for both biomaterials during the first days of 
removal until breakthrough. The final concentrations found in the outlet for reed column 
demonstrate that this biomass can efficiently achieve the standard limits. As for the case 
of seaweed column, although its surface binding area remains to adsorb lead contaminant, 
it reduces to 66.2 % (Figure 4.6). 
A better analysis was conducted to explain these differences on both biomaterials. For 
this purpose, Langmuir constants were used to calculate the adsorption capacity for reed 
column with a theoretical value of 97.5 mg-Pb. On the other hand, experimental results 
showed its maximum adsorption before the breakthrough at 98.5mg-Pb on day 20. Thus, 
reed column result is found similar as the one expected by theoretical value. As for 
seaweed column, under same conditions, a maximum theoretical value was calculated as 
781.4 mg-Pb, and experimental results showed a reduction on the removal performance 
on the 23rd day with a maximum adsorption of 104.4 mg-Pb, within a concentration in 
the outlet of 0.6 mg/L.  
Although the seaweed column system continued removing the contaminant, its 
performance decreased gradually until the day 47th to 3.14 mg/L, which is not enough 
efficient considering the actual application. Theoretical values helped to state when the 
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breakthrough would happen. The two leading mechanism supposed on this study were 
physical adsorption and ion exchange (Figure 4.7) because of previous studies (Kim et al. 
1995, Choong et al. 2002, Southichak et al. 2009). However, from the results it can be 
inferred that the functional groups carry negative charge to the cell surface (Waals' forces) 
at the beginning of the adsorption for both biomaterials. To state the quantity of Pb forms 
on both surfaces, sequence extraction was also carried out. 
 
 
  
 
 
Figure 4.6 Removal efficiency reed column (a) and seaweed column (b) 
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Figure 4.7  Differences on the removal mechanisms of commercial seaweed and 
reed. 
Source: Cell wall structure after Schiewer and Volesky (2000) 
4.4.3 Metal speciation 
The metal speciation results from the sequential extraction method showed that the 
dominant mechanism in the reed biomass column was F1 as for exchangeable lead forms. 
It can be observed in figure 4.8 (a) that the bottom (RB), the medium (RM) and the top 
(RT) of the column followed a homogeneous trend for the heavy metal removal. The high 
F1 of reed indicated that the biomaterial surface is high exchangeable to bind lead as it 
was shown in previous studies (Soto-Rios et al. 2014, Southichak et al. 2009). Thus, it 
can be stated that the dominant mechanism for the removal of lead using this biomaterial 
is physical adsorption. However, seaweed figure (b) shows that there are two dominant 
mechanisms F3 and F4, which means that lead may be bound to various forms of organic 
matter and primary and secondary minerals (Tessier et al. 1979), which may hold it within 
their crystal structure. From the figure, it can also be observed that the top of the seaweed 
column (WT) contained more quantity of lead forms than the bottom (WB) and medium 
(WM). This result showed that for Undaria pinnatifida, ion exchange and physical 
adsorption are primary mechanisms at the beginning of the treatment. However, after 
breakthrough still can remove heavy metals bounded to their organic matter.    
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Figure 4. 8 Lead concentration extracted from (a) reed column and (b) seaweed 
column. 
It was found by Yong that the higher performance of seaweed can be attributed to the 
major cell wall component of brown algae known as alginic acid, which is responsible 
for the binding of lead ions in this species (Yong et. al 1995). From the results, this 
mechanism was low in comparison to the F3 and F4 binding. The alginic acid quantity 
could have been removed from its surface in time decreasing its efficiency, and the 
dominant mechanism found in the metal speciation results explained how this biomaterial 
continued removing lead.  
The results of the sequential extraction in both columns showed that the total extracted of 
lead from the seaweed W column was 105.45 g and the extracted lead from the reed R 
column was 96,67 g. If comparing with the adsorbed amount of Pb2+ from the column 
and the extraction procedure we can define a new adsorption capacities for column system 
as Qc which is the maximum amount of contaminant adsorbed by gram of biosorbent in 
the column. If we compare these values to the extracted Pb2+ from the column per gram 
of biosorbent (Q`c), we can observe that previous calculations from column system 
compared to sequential extraction show same trend. However, in the case of W column 
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continues removing Pb in the column, by it means that the second half of the removal 
could be due precipitation: metal uptake may take place both in the solution and on the 
cell surface (Ercole et. al., 1994, Aquino et al. 2011). This experiment resume in table 4.6 
can determinate the dominant mechanism in each biosorbent from column system. 
Table 4.6 Langmuir constants 
Biosorbent Column Extraction 
R  Qc= 8.6 mg/g Q`c=9.7 mg/g 
W  Qc= 20.8 mg/g Q`c=21.09 mg/g  
 
In summary, from the results, the mechanism of lead removal by Undaria pinnatifida 
column was found to be dominated by ion exchange, as many of its species in previous 
studies. Still, other mechanism could have been involved in lead removal, not only ion 
exchange but precipitation mechanism in the solution. The dominant mechanism could 
be obtained on the surface of the seaweed as primary effective heavy metal removal and 
secondly in the solution the removal by precipitation which was affected by the flow of 
the column. It is tentavily possible to assume that alginic acid or salts could have been 
partially washed out in the solution and act as precipitation mechanism. However, the 
dominant mechanism of Undaria pinnatifida is ion exchange which help us to 
determinate this biosorbent in a first barrier or middle. 
 
Fig 4.9 Reed mechanism hypothesis 
The hypotheses in fig 4.9 for reed mechanism was confirmed by speciation analysis has 
Pb2+ 
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as physical adsorption. It could be due to its functional group unit of carboxylate, and 
lignin ester are more suitable for the capture of Pb. (Southichak, 2006). From physical 
adsorption, it is understood that the process is reversible and exceptionally encouraging. 
It presents numerous focal points, mainly to treat substantial volumes of wastewater with 
a low concentration of heavy metals (Ahluwalia & Goyal, 2007; Kuroda & Ueda, 2010; 
Nishitani et. al., 2010); which could be used in the final barrier after other considerations 
(permeability (Chapter 5) and affinity to other contaminants (Chapter 6)). 
Furthermore, batch experiments could estimate the mechanism by using several methods 
to achieve this goal (Titration, FTIR, XPS, SEM-EDS). However, it does not reveal the 
dominant mechanism. Thus in my study, it was established the mechanism by using 
extraction method which could easily determinate the performance of the barrier 
according to the characteristics of the barrier column, FTIR and SEM were used as part 
of this study. The difference of the Qmax in batch experiments and Qc in column system 
can be explained by the sorption mechanism. Thus, it is imperative to compare these two 
values to evaluate biosorbents.  
4.5 Conclusions 
This study highlighted the competently lead (Pb+2) removal using Undaria pinnatifida 
and Phragmites australis as alternative barriers for PRB. It is important to take into 
consideration the leading mechanism before breakthrough. Regardless Undaria 
pinnatifida and Phragmites australis have been studied previously under batch 
experiments at different conditions. Functional groups depend on the type of biomass, its 
feasibility, origin and type of processing. Langmuir constants gave an accurate 
approximation for the reed column system. Seaweed column removed a double quantity 
of lead as it was expected by the Langmuir constants but its efficiency reduced on time 
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due to its adsorption mechanism. It should be considered to use both materials in a PRB 
column system because of its different mechanism to remove lead in different sequences.  
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Chapter 5  
Permeability study of biosorbent on PRB 
5.1 Introduction  
Among many technologies used to treat contaminated groundwater, Permeable reactive 
barriers (PRB), has many advantages due to long term operation (low cost, less 
maintanence). They are designed to treat passively subsurface flows, either groundwater 
(Benner et al., 1997) or flow from spoil heaps (Amos and Younger, 2003), as water flows 
through a barrier that removes the contaminants while they pass naturally. For this barrier, 
suitable reactive materials are the key issue for an effective implementation as 
remediation system (Meenakshi et al. 2011). Up to now, Zero-Valent Iron is probably the 
best known and best investigated permeable barrier reactive media. It is addressed by 
numerous projects and investigations for its redox conditions that result in degradation or 
immobilization of contaminants, but not all reactions are fully understood yet (e.g. role 
and interactions of mineral surface precipitates and settled bacteria in the overall process), 
and its availability and cost is also a factor of the actual need for a novel reactive media. 
(Li, 2010). Moreover, the redox conditions occasionate the precipitation of secondary 
minerals from ions typically in groundwater and some contaminants that causes fouling 
and reduce the longevity of the barrier (Naftz et al. 2002 Wantanaphong, J). Hence, it is 
necessary to maintain a reactive zone for an economically sufficient time with reactive 
media that is physically stable in position and chemically reactive for the same period. In 
previous studies, the idea to use waste and recycled materials proposed an economical 
and environmentally beneficial alternative (Lee et al. 2009). Therefore, an evaluation of 
another reactive media is needed, for this reason, some material has been investigated for 
removing various contaminants. Since adsorption has become a widely used technology 
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for the removal heavy metals, it could be applied to PRB (Thiruvenkatachari et al. 2008, 
Demirbas, 2008, Kamari, 2014, Grini et al. 2006). However, adsorption studies only focus 
on the adsorption capacity of the biosorbent, and these are few studies about its physical 
characteristics such us permeability. Permeability is considered crucial to evaluate the use 
of these natural resources (biosorbents) on PRB design (Gavaskar, 1999). 
Biosorbents as the technology itself is based on metal binding capacities of various 
biological materials; their definition is founded on its ability to accumulate heavy metals 
from wastewater (Fourest and Roux, 1992). Abundant biomass which has been identified 
for its high sorption capacity to metal ions can be utilized, from previous studies zeolites, 
brown seaweed and waste (chitin, cocoa shell, clay soils, reed and fly ash) have removed 
heavy metals efficiently (Bailey et al. 1999; Meunier et al. 2003). Unfortunately, 
biosorbents studies do not evaluate important parameters that could be the key factors for 
its use as reactive media in PRBs such as flow rate, surface, particle size, permeability, 
longevity, etc. Involving not only efficiency but understanding the physical and chemical 
characteristics of the reactive media could enhance its performance on PRB. Substrates 
to be used in PRBs need to be evaluated under these five main requirements of 
permeability/hydraulic conductivity, availability, cost, stability and environmental 
compatibility (Gavaskar et al. 1999). 
5.2 Objective 
 To study the permeability of Undaria pinnatifida and Phragmites australis in the 
column 
5.3 Materials and Methods 
5.3.1 Characterization of biomasses  
The microstructures of the biosorbents were analyzed by Scanning Electron Microscope 
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(SEM-JEOL JSM- 6500). 
It was also evaluated the form difference of particle size; photography was taken to 
investigate its homogeneity. Permeability was also checked through Darcy Law. The 
principle that governs Darcy`s Law is how the fluid moves in the subsurface under the 
steady condition, ruled by the permeability of the reactive media (Satter, 2007).  
Q = KA (h1-h2)/L 
Here Q is the “Darcy`s velocity” (m/s), this is the apparent average velocity of water 
passing through porous media. K is the saturated hydraulic conductivity (m/s), and h is 
the gradient of hydraulic head (m). A is the cross sectional area of the column (m2).  
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Permeability coefficients for groundwater (Source: 
http://www.brighthubengineering.com/geotechnical-engineering/119946-geotechnical-
topics-soil-permeability/ access on May 5, 2016) 
The experiment was taken in a column system. The design could be observed on figure 
5.2. The flow of water that passes through the biosorbents barrier in the column was 
Rapid
 
Slow
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checked, and heights were also measured. Then k was calculated (HT, H1, H2). Since 
Darcy`s Law is best suited for determination of leakage through aquifers and groundwater 
flow cases with Reynold's Number less than 10 and it is applicable only for slow and 
viscous flow we have confirmed these conditions for our study.  
 
Figure 5.2 Column design to study Permeability Coefficients for groundwater 
The hydraulic Performance was evaluated for a particle size to guarantee the adequate 
capture performance of the barrier.  
5.4 Results and Discussion 
5.4.1 Characterization of surface  
The SEM images of the samples were compared to those reported in previous studies 
(Southichak, 2002; Plaza, 2011). It was found that the microstructure of CSW was more 
suitable than that of R and RSW because of the availability of open surface for physical 
adsorption. The microstructures of RSW and CSW are quite divergent, as can be seen in 
Fig. 5.2, although they belong to the same type of seaweed (U. pinnatifida), 
microstructure diverge from each other. This difference can be attributed to a much 
cleaner CSW, which was washed several times to achieve the quality required by the 
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seafood factory. Moreover, the SEM images confirmed that water washed biomass, and 
pre-treated biomass had similar microstructure. Thus, the use of chemical treatment was 
avoided since it would only increase the cost for developing the PRB. Another important 
factor was that raw seaweed is hard to pack in the column and the efficiency in Chapter 
3 demonstrates that for this study Commercial seaweed could be used. 
 (a) Raw seaweed (RSW)    (b) Commercial seaweed (CSW) (c) Reed R 
 
Fig 5.3 SEM images of Undaria pinnatifida and Phragmites australis 
microstructure with magnification of 1000x. 
 
5.4.2 Influence of Permeability 
Regarding permeability experiment, previous studies (Mumford K., 2016) have shown 
that the most critical aspect of PRB performance is the permeability of the barrier itself 
and its preservation for a long-term technology. 
 
Table 5.1 Components classification of brown seaweed (Wakame) 
Biosorbent Q cm3/s H1 
cm 
H2 
cm 
HT 
cm 
Kt-1 Kt-2 K1-2 
Seaweed 0.016 23.5 26.7 28 1.08E-06 6.82E-06 1.26E-06 
0.03 25.3 30.3 32 1.37E-06 7.92E-06 1.53E-06 
0.06 31.7 36 37 1.46E-06 6.34E-06 3.55E-06 
Reed 0.038 9 8.5 19 1.36E-05 2.22E-05 1.95E-05 
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0.048 9.7 8.6 21.5 1.46E-05 2.29E-05 1.12E-04 
0.068 8.7 8.3 25.6 1.43E-05 2.39E-05 1.31 E-04 
 
Fig 5.4 Trade off between permeability and adsorption 
 
From Fig 5.3 it is recognized that although there is a trade off between permeability and 
adsorption, both biorbents could be utilized as they fit for potential PRB media.  
From our results on Table 5.1, permeability coefficient for reed was Kreed 10-4 for a rapid 
flow. As for seaweed, Kseaweed was 10-6 which is considered for a moderate flow. This 
is acceptable since seaweed contains alginic acid. Both biosorbents could be used as PRB 
potential materials; however because of its high permeability reed is better than seaweed 
for requirements design of PRB. This study gives the idea that reed could be used as a 
better reactive material for PRB. It is important to note that the difference on the biomass 
cells could be the reason of the influence on its permeability, previous research have 
showed that seaweed cells before exposure are smooth and had certain dimensions, after 
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their exposure to HM ions solution, they become destroyed and swollen interfering with 
the permeability, this research has obtain same trend for this type of biomass (Ghoneim, 
2014). 
5.5 Conclusion  
Permeability is one of the physical characteristics that must be taken into consideration 
in order to apply biosorbents to PRB. In this study the permeability values obtained for 
reed determinated that it could be a potential reactive media for PRB`s and the results 
were corroborated by SEM images of the biosorbents. However, it is still left the 
investigation of reed ability to remove other heavy metals; for this reason Chapter 7 
contains a full study for reed.  
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Chapter 6 
 Affinity study between biosorbent and heavy metals 
6.1 Introduction 
Heavy metals are discharged from industry and can also be found in daily life. However, 
anthropogenic activities had been increasing the amount of these contaminants and 
therefore nowadays they are a serious problem for the human health. Arsenic, lead and 
silver are some of the common heavy metals in mining areas; pollution is caused when 
excavated rocks become in contact with water and oxygen (Table 6.1). These metals in 
acid mine drainage are leached out and carried downstream especially under low pH 
conditions. Chrome is on the top priority list of the US Environmental Protection Agency 
(EPA) as a toxic pollutant in the electroplating wastewater and industrial discharges 
(Namasiyabam, 2008). As these contaminants, thallium, can cause severe damages to 
human health (Xiao, 2012). The biggest issue regarding this contaminants is their capacity 
to stay in the food chain since they are not biodegradable. (Jeon, 2015; Aragay, 2011). 
 
Table 6.1 Global discharge of As, Hg, Pb, Ag, Tl, Cr (1000metric/year) 
Metals  Water  Air  Soil 
Arsenic  41 19 82
Chromium 142 30 896
Lead 138 332 796
Mercury  4.6 3.6 8.3
Source: Nriagu, 1996 
Many technologies have been developed to remove these contaminants, some of them are 
reverse osmosis, chemical precipitation, electrochemical removal. However, mostly all 
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are costly especially in developing countries. Therefore, science started to develop novel 
technologies, and one of them is biosorption.  
  
  
Fig. 6.1 Atomic structure of thallium, silver, arsenic and chromium. 
This promising method includes low-cost adsorbents as a cost-effective alternative to 
removing these contaminants (A. Al-Haj Ali, 1997; Sanchez, 1999; Barakat, 2011). 
However, in order to reduce the toxicity of water to meet technology-based treatment 
standards, this study focuses on the biosorbent characteristics to remove heavy metals. In 
the last years, utilization of reed as wetlands had demonstrated its capacity to accumulate 
pollutants, however, until 2006 it was applied as biosorbent itself (Southichak, 2006). 
Other studies had shown its ability to remove heavy metals from water, however, for its 
application it is needed to understand its removal mechanism for high toxic contaminants 
such as silver, arsenic, thallium and chrome.  
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6.2 Characteristics of the contaminants of this study 
6.2.1 Silver 
Silver is one precious metal that has been widely used because of its physical strength, 
brilliance, malleability and ductility in the industrial field such as photography, medicine 
and photovoltaic demand (Celik, 2010; Ahmet, 2014, Gholamreza, 2014). However, its 
use also represents pollution in wastewaters, and if the silver concentration in human body 
increases to toxic levels, it could develop various diseases and disorders. Among all 
diseases, argyria is the critical one, produced from the ingestion of silver that follows to 
a permanent bluish-gray discoloration of the skin. Although nowadays argyria has a rare 
occurrence, the contact with silver could also cause kidney and brain damages, changes 
in blood cells and respiratory and intestinal problems. (Huo, 2009; Ansari, 2009). For this 
reason, soluble silver ions are considered dangerous substances in water, and its recovery 
and efficient removal are necessary. Adsorption has been tested using dehydrated carbons, 
vermiculite, crab shells, etc. and demonstrated the possibility to remove this contaminant 
from water. Commonly for laboratory test solutions are prepared from AgNO3, and pH is 
adjusted using NaOH and HNO3. Desorption could be obtained by using HCl. (Shafey 
and Hasmi, 2013; Ahmet and Mustafa, 2013; Jeon, 2015). 
6.2.2 Thallium 
In 2012 studies in China had proved the exposure of high concentrations of thallium 
because of its mobility and transportation pathway in the environment (Peter and 
Viraraghavan, 2004; Xiao, 2012). Recently, it has been causing significant concern as it 
is found in water bodies because of its release from ores. (Lopez, 2013; Vicenta, 2014). 
In the industry, it is a byproduct of the heavy metals refining of sulfide ore, used mainly 
for electronics and pharmaceutical purposes. According to the United States, 
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Environmental Protection Agency 2 µg L−1 is the maximum level of Thallium accepted 
for drinking water and 140µg L−1 for wastewater (MWTP, 1999). If exposed to low 
concentrations of thallium, human health could be affected by anorexia, alopecia, 
headache, psychic disturbance and even cardiovascular effects (Wan, 2014). For these 
reason several technologies (Vink, 1998; Fang, 2009; Jacobson, 2005) have been tested 
to remove Thallium from wastewater and biosorption is one of them. Some studies have 
used fungal biomass, immobilized biomass in 2008 showed the adsorption of thallium 
from aqueous solutions (Peter and Viraraghavan, 2004). It could form complexes with 
sulfates, chlorides, carbonates and nitrates on its stable form of Tl (III).   
6.2.3 Arsenic 
Arsenic could be found in organic and inorganic forms, however inorganic form is 
considered high toxic. It exists in the −3, 0, +3 and +5 oxidation states (Smedley, 2002; 
Ohe, 2007). Naturally arsenious acids (H3AsO3, H3AsO3,H3AsO32−), arsenic acids 
(H3AsO4,H3AsO4−, H3AsO42−), arsenites, arsenates, methylarsenic acid, dimethy- larsinic 
acid, arsine, etc are found in our environment. In natural waters arsenic is found as 
oxyanions (V) and (III) considered high sensitive at pH 6.5–8.5. (Mohana and Pittman, 
2007; Smedley, 2002). Fig 6.2 estimates the arsenic levels according to previous studies 
(Mohan and Pittman, 2007). 
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Fig 6.2 The occurrence of dominant arsenic species. Source: Mohan and Pittman, 
2007. 
Commonly arsenic contamination is due naturally high concentrations in groundwater 
around the world. However, the use of tube wells for water supply leads to several 
sicknesses among different communities, particularly in Asia. Anthropogenic activities 
(mining, pesticides, geothermal sources, pharmaceuticals, etc.) and natural sources 
(biological activity, volcanic emissions, biological activity, leaching, etc.) have polluted 
drinking water causing severe sickness such as skin cancer and affects other internal 
organs. (Robertson, 1989; Korte and Fernando, 1991; Mohana and Pittman, 2007; Henke, 
2009). For this reason, many methods have been used to remove pentavalent and trivalent 
ions of arsenic from water, some of them are ion exchange, adsorption, precipitation and 
complexation, immobilized bacterias. Although precipitation is the most used because is 
cheaper than the others, the sludge produced requires additional treatment (Mishra, 2013). 
Many adsorbents have been tested to remove arsenic from water, and results depend on 
the adsorbate chemical properties, pH, ionic strength, temperature, etc. Previous studies 
have stated that it is crucial to considerate the multicomponent system as arsenic is usually 
evaluated as single ion system (V) or (III). From the results achieved before it was stated 
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that immobilized biomass is the best adsorbent for this contaminant, however after 
evaluation of low-cost adsorbents, it was also concluded the need to find an adsorbent 
that could meet high sorption capacities under multicomponent system characteristics. 
(Mohan and Pittman, 2007). 
6.2.4 Chromium 
Among all the heavy metals chromium has been found commonly in wastewater industry 
(electroplating, leather tanning, pigmentation, wood preservatives, etc.). It is also found 
in mining and due to its high toxicity it represents a human health risk, especially Cr (VI) 
because of its mutagenic and carcinogenic properties (Costa, 2003; Budavari, 1996, 
Evans, 1996). For this reason, US Environmental Protection Agency has decided to 
establish the maximum contaminant level (MCL) of Cr (VI) into surface water to below 
0.05 mg/l. The Agency for Toxic Substances and Diseases Registry (ATSDR) classified 
it as the top 16th hazardous substance (EPA, 1980; Gardea-Torresdey, 2000). The 
techniques for removing this contaminant includes reverse osmosis, ion exchange, 
precipitation and solvent extraction, which are considered costly. In this sense biosorption 
has been tested in lignin, exhausted coffee, waste tea, agricultural waste, etc. (Albadarin 
et al. 2011; Dakiky et al. 2002; Mahvi et al. 2005), showing high potential for the removal 
of this contaminant. In laboratory scale, solutions of Cr (VI) are usually prepared from 
K2Cr2O7, adjusting pH with a solution of NaOH and HCl. From previous results its 
removal efficiency is increased with the contact time, High dependency on the pH as the 
Cr (III) could be also found (Ghaneian et al. 2013). This contaminant is commonly into 
different compounds for chromium at 25 oC for its level estimation. 
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Fig 6.3. The occurrence of dominant Chromium species. Source: Palmer and Puls, 
1994. 
From Fig 6.3 in the absence of complexing agents Cr (III) and Cr (VI) are found in acidic 
solutions more than pH4, (OH)2+ is found in less acidic solutions than pH 4 until neutral 
pH region (Scancar, 2014). Cr is precipitated as Cr (OH)3(s) at neutral pH to alkaline. 
When reaching pH higher than 11.5 the precipitate tends to re-dissolve forming Cr (OH)4− 
complex. H2Cr2O4 is included in Cr (VI) species at pH more than 1 deprotonated, yielding 
HCrO7- (pH 1-6.5), and above pH 6.5 CrO42− ion exists in dimer formation (Fig 2) (Dilek 
and Beker, 2015). Cr (VI) is a strong oxidant and it is stable only under alkaline pH than 
acidic ranges as it could be observed in figure 6.4. 
O2/H2O
H2O/H2
H2CrO4
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Fig 6.4 Speciation diagram of Cr (VI). Source: Dionex, 1996. 
Once evaluated sorption studies for lead it is also necessary to test if this biosorbent could 
remove other heavy metals and the influence of parameters such as pH and Contact time 
that could be obtained from biosorption studies.  
6.3 Objective 
 To determinate the biosorbents affinity to various contaminants. 
6.4 Materials and methods 
6.4.1 Metal Solutions  
Solutions were prepared using Millipore Milli–Q (Millipore Advantage 5 UV Elix) water 
purification system. Solutions of different concentrations (0.1, 1, 10, 50, 100, 200) were 
obtained by diluting As, Cr, Tl and Ag 1000–ppm solutions (Kanto Chemical). Standard 
solutions were prepared for ICP (Optical Emission Spectrometer, Agilent Technologies 
700 Series ICP–OE5). Standard acid and base solutions (HCl and NaOH base solution) 
were used for pH adjustment, digestion was realized with HNO3. 
6.4.2 Preparation of biosorbent 
Phragmites australis or common reed (R) was harvested dry near Hirose River in Sendai 
city, Japan in April 2012. It was washed several times with deionized water to make the 
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surface free of all the impurities. The material was freeze dried and reduced to a particle 
size of 0.5 mm, and finally stored in a desiccator.  
6.4.3 Batch experiments 
Batch experiments were held to study the removal of As, Cr, Tl, Ag, Hg .Triplicate 
samples were evaluated for influence of pH, contact time and initial concentration. 
Results were compared with previous studies to set a complete understanding of reed 
biomass. The mass of biosorbents was 1 g. mixed with 30 ml of solution. To evaluate 
contact time the pH was 6 for all the solutions and an initial concentration was 10 ppm. 
To evaluate the pH, the contact time was 24 h for all the solutions except silver (1 h), as 
for the initial concentration, it remained 10 ppm. Concentration profiles were evaluated 
at different initial concentration and adjusted pH, after 24 h samples were filtered and 
digested with HNO3 to be evaluated with ICP (Optical Emission Spectrometer, Agilent 
Technologies 700 Series ICP–OE5). 
This study was also considered an analysis of correlations to choose the biosorbents that 
could meet the removal of other heavy metalsto apply in chapter 7 for PRB sequenced 
design.  
6.5 Results and Discussion  
6.5.1 Effect of contact time  
Adsorption rate is crucial for modeling and designing the adsorption in actual site. For 
this reason the following results will be explained according to each contaminant  
 Silver  
Reed biomass dosage was 1 g/L with a concentration of 10 mg/L, pH 6 and temperature: 
25oC. .From Table 6.2 it could be observed that after 1 H reed removes Ag and enters into 
equilibrium. The active sites initially are available on the surface of reed and after a period 
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of time few surface actives sites are available, so this behavior could be explained by the 
metal uptake availability depending on time. In this sense, other experiments were 
evaluated with a contact time of 1 h. 
 Table 6.2 Effect of contact time on biosorption of Ag on Reed  
Time (hr) Ag ( mg/g) STD (error) 
0 0.00 0 
0.25 0.22 0.034 
0.5 0.24 0.024 
1 0.27 0.003 
4 0.27 0.004 
8 0.26 0.009 
16 0.26 0.012 
24 0.27 0.013 
 
Table 6.3 Effect of contact time on biosorption of Cr on Reed  
Time (hr) Cr (mg/l) STD (error) 
0 0 0 
1 0.0048 0.003 
4 0.022 0.01 
8 0.0271 0.005 
16 0.0474 0.006 
24 0.0621 0.006 
48 0.0947 0.004 
72 0.1321 0.002 
 
 Chromium  
From table 6.3 it could be observed that chromium took longer time to be removed from 
the solution and did not completely entered into the equilibrium after 72 hours; however 
low amount of contaminant is removed. In this sense other experiments were evaluated 
with a contact time of 24 h.  
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Table 6.4 Effect of contact time on biosorption of Tl on Reed 
Time (hr) Tl(mg/l) STD (error) 
0 0 0 
1 0.0639 0.005 
4 0.0579 0.003 
8 0.0517 0.008 
16 0.0545 0.004 
24 0.051 0.001 
48 0.0728 0.007 
72 0.0629 0.019 
 
 Thallium  
From Table 6.3 it could be observed that thallium was not removed from the solution and 
did not completely entered into the equilibrium after 72 hours; the low amount of 
contaminant that was removed could be attributed to the low affinity of the contaminant 
to the biosorbents. In order to state whether pH had higher influence that contact time the 
other experiments were evaluated with a contact time of 24 h. 
 Arsenic  
From the experiments held arsenic was not removed from the solution by reed. 
 Comparison of contact time on biosorption with Ag, Cr, Tl and As 
From figure 6.3 it could be observed that silver is the most removed and the fastest, in 
comparison of Ag, Cr, Tl and As. It could be seen that after 1-hour Thallium does not 
change from the amount removed. Also, chromium shows a slow adsorption in 
comparison to Ag. From this results, it was decided to evaluate the influence of pH. 
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Figure 6.5 Evaluation of effect of contact time  
(Reed biomass dosage was 1 g/L with a contaminant concentration of 10 mg/L, pH 
6 and temperature: 25oC) 
6.5.2 Effect of pH  
From Table 6.5, it could be observed an increment of sorption when pH varies. In the case 
of Ag, the best performance is showed under pH 6. However, as for Cr acidic solution 
removes better the contaminant, previous studies have shown same results for Cr (VI); 
because when a solution is protonated there is no competition for occupancy of binding 
sites. For thallium form pH 4 remains constant removal. 
Table 6.5 Effect of contact time on biosorption of Tl on Reed 
pH 
Qe (mg/g) Standard Deviation 
Ag Cr Tl As Cr Tl 
2 0.24 0.15 0.02 0 0.011 0.006 
4 0.23 0.06 0.05 0.011 0.003 0.008 
6 0.27 0.06 0.05 0.013 0.006 0.001 
7 0.25 0.04 0.05 0.006 0.008 0.003 
0.00
0.10
0.20
0.30
0.40
0 4 8 12 16 20 24
Q
e 
(m
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Figure 6.6 Evaluation of effect of pH  
(Reed biomass dosage was 1 g/L with a contaminant concentration of 10 mg/L, pH 
6 and temperature: 25oC) 
However, Figure 6. 4 shows that silver has better adsorption on reed than the other 
contaminants. In this sense the concentration profiles were evaluated under the following 
conditions: Silver with a contact time of 1 hour and pH 6, chromium with 24 hours and 
pH 2 and thallium with 24 hours and pH 4. As for arsenic results corroborate that reed 
cannot remove this contaminant from the solution. 
6.6 Comparison with previous studies 
From the data base in chapter 2, it is also important to find the biosorbents that will 
potentially be chosen because of its Qmax. From the results, for Pb seaweed is chosen for 
better adsorption capacity. However, the affinity to undaria pinnatifida to their functional 
groups is higher than Laminanaria japonica. From Table 6.6 it could be observed that 
best biosorbents differ on mechanism, and in this study, it was found that results from 
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batch experiments cannot assure the expected Qmax for the removal of the HM. For this 
reason the mechanism is necessary to study individually to define where in the sequenced 
the biosorbent could be place. Other studies have developed and commercialized 
biosorption processes in the early 1990s, ( AlgaSORB™ 17 and AMT-Bioclaim™ 13). 
However, a lack of understanding of the mechanism process of metal-sorption has lead to 
assess the process of performance and limitations, and thus the expected widespread 
application of biosorption. It is in this sense the importance of the mechanism study for 
the design on sequenced PRB on chapter 4 and comparison of previous studies with its 
affinity to avoid a competition between metals for the binding area.  
As this chapter evaluates the affinity of the contaminants to the biosorbents in this case 
to reed. Many studies had evaluated biosorbents for one contaminant but not as a whole 
study of the most relevant and necessaries to remediate. Table 6.6 contains the potential 
contaminants to be adsorb by reed. From this study it was discovered that reed can remove 
silver under pH 6 and in a very short period of time. Which makes it convenient as this 
heavy metal is always wanted to recuperate. As reed mechanism was physical adsorption, 
the available sites could be desorb under the exposition of HCl. Previous studies had 
evaluated desorption of reed and it could be reused until 10 times (Southichak, 2006).  
Table 6.6 Top Biosorbents and mechanism 
Biosorbent 
Operational 
condition Langmuir parameters 
Solute pH T (°C) k (L/mg) Qmax (mg/g) Type Mechanism
Marine brown algae 
Laminaria japonica (washed 
with distilled water) Pb(II) 5.3 20 0.030 274 Seaweed 
ion 
exchange 
Brown seaweed Undaria 
Pinnatifida Pb(II) 5.5 20 0.220 232 Seaweed 
ion 
exchange 
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Rice bran Zn(II) 5 40 0.015 15 
Agricult
ural 
waste 
Intraparticle 
diffusion 
Palm Tree Leaves Zn(II) 5.5 25 0.056 15 Waste 
rapid 
diffusion 
Stem bark (Cassia fistula) 
tree Ni(II) 6 20 0.002 172 
Agricult
ural 
waste 
ion 
exchange 
Sargassum wightii ( Brown 
marine algae) Ni(II) 4 30 0.007 81 Algae 
ion 
exchange 
This chapter evaluates the affinity of the contaminants to reed biosorbent. Nevertheless, 
in this chapter it was also observed that chromium could be removed only partially and 
thallium and arsenic almost were not removed. For this reason, it is important to establish 
by contaminant which biosorbent could be used and then after choosing the biosorbent 
evaluate its capacity to remove the other contaminants present in the contaminated water.   
Table 6.7 Heavy metals removed from reed 
Metal Biosorbent Qmax (mmol/g) b(l/mmol) R 
Cu Reed  0.156 75.98 0.97 
Ni Treated Reed 0.135 76.92 0.99 
Cd Treated Reed 0.091 188.67 0.94 
Pb Treated reed 0.083 370.37 0.99 
From previous literature biosorbents were grouped into a data base according to the 
contaminants removal, biosorbents were also grouped by type classification (algae, 
agricultural waste, seaweed, waste, fungi). From all the data base only 10 biosorbents 
cover sorption studies of Cd, Zn, Cu and Pb (Qmax, affinity), remaining data lack of 
different heavy metals studies. In order to analyze the correlations between the variables 
and find out if the changes of Qmax of different biosorbents differ from their affinity 
relationship, I used PCA (Principal component analysis) as statistical procedure.  
From Figure 6.5 it is possible to explain the trend in a two dimensional map. It could be 
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observed that the adsorption capacity of Cu and Cd have correlation, which could mean 
that other biosorbents that have studies of Cu could remove also Cd. As for Zn, its high 
sorption will lead to weak affinity. Results also show higher removal of Zn, Cu and Cd 
by crab shells. For the removal of Pb, undaria pinnatifida had the higher adsorption. Pb, 
Cd, and Cu have better affinity for Orange peels. When selecting the biomass is also 
important to consider its availability on its natural estate, from this graphic we also 
understand which biosorbents could be as part of the barrier and its order for the HM 
removal. However, it is crucial to make a guideline in order to establish appropriate 
selecting method of the biosorbents which could be used for the sequential PRB. In this 
results Undaria pinnatifida was the best choice but under column conditions reed could 
also remove Pb. It is possible that other biosorbents could be magnified by the results in 
batch experiments.  
 
Table 6.8  Heavy metals removed by reed 
N Tpe Biomass Cu Q Cu k Pb Q Pb k CdQ Cdk ZnQ Znk 
1 Green Alga  
Cladoraphora 
fascicularis 
46.806 0.143 49.816 0.1011 48    
2 Alga 
Caulerpa 
lentillifera 
5.57 0.076 28.99 0.0711 4.69 0.0742 2.66 0.0671
3 Waste crab shells 243.9 0.0055 105.78 84.96  
123.
7 
0.084
4 Seaweed 
Undaria 
Pinnatifida 
200 0.05 232 0.22 51.84 0.02 45.9 0.025
5 
Agricultural 
Waste 
Reed 4.524 1.014 19.5 0.1 4.368 1.069 2.64 1.833
6 
Agricultural 
Waste 
Lignin 22.87 0.4309 89.51 0.2081 25.4 0.1421 
11.2
5 
0.2046
7 waste 
orange peels 
MOP 
15.27 3.03 73.53 12.5 13.7 1.58 14.7 0.024
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8 Fungi 
Penicillium 
chrysogenum  
92.387 0.024 93 1.6 56 1.58 13 
9 waste 
activated 
sludge 
19.06 0.1201 142.96 0.1 28.1 0.32 
15.6
9 
0.6098
1
0 
Seaweed Sargassum 26.97 0.316 228 0.0093 37.92 0.111   
 
  
Figure 6.7 PCA analysis of the most studied biosorbents 
6.7 Conclusion  
From this study it could be acknowledge that biosorbents in order to be used on barriers 
for groundwater needs a complete study of its mechanism. It could be useful to evaluate 
existing sorbents for each contaminant in order to state the best sequential barrier as 
hybrid technology for biosorption and PRB. Reed could be used as reactive media on 
PRB only for Pb, Ag, Hg, Cd, Zn, Ni and Cu. As for the remaining contaminants other 
biosorbent should be choose to continue the evaluation of this study. It is also important 
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to understand the importance of the affinity to the biosorbents and the existent functional 
groups to determinate the efficacy of this technology.    
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Chapter 7  
Proposal of guideline to design sequenced PRB: Biosorbent 
Characterization Guideline for the design of sequenced permeable 
reactive barrier 
7.1 Introduction 
This guideline is planned to strength the improvement and execution of water techniques 
to guarantee the security of drinking-water supplies through the control of risky 
contaminants of water such as heavy metals. It describes minimum requirements to ensure 
the effectivity of this hybrid technology based on previous studies and laboratory 
observation. It is desirable over consider the guidelines with regards geographic and 
environmental conditions. The guidelines ought to likewise be part of a general security 
procedure that incorporates different methodologies to assess biosorbents to be used in 
permeable reactive barriers.  
In 2000, the Design Guidance for Application of Permeable Reactive Barriers for 
Groundwater Remediation was released on press based on the Design Guidance for 
Application of Permeable Barriers to Remediate Dissolved Chlorinated Solvents (Battelle 
in 1997). Regarding the media the importance of the reactivity that medium offers, also 
its stability related to the length of time that it will maintain reactivity. This reaction 
mechanism is taken as an indicator that provides an estimation of the future behavior of 
the medium. The particle size was also evaluated as a hydraulic performance indicator to 
ensure the success of the barrier. Moreover, this guidance expressed the environmental 
compatibility of the reactive media that should not introduce any harmful byproducts into 
the downgradient. And finally the construction methods as innovative and efficient design 
for PRB. In 2002, it was also discussed the suitability of the site for its application, the 
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importance of the reaction rates through the column system, location of the barrier and its 
configuration to keep permeability and longevity, finally monitoring and the cost 
(Gavaskar, 1999).  
Furthermore, members of the Interstate Technology & Regulatory Council (ITRC) had 
developed updates by technical regulatory documents based on scientific research and in 
situ cases. In 2011, for the PRB media was added the understanding mechanism for ZVI, 
and introduced the arsenic treatment in field applications. ITRC also introduces the 
concept of biowalls by using mulch as organic material degraded chlorinated solvents and 
explosive compounds. However still, all the materials used as barriers are mainly ZVI, 
slag, apatite clay, and mulch. Other combinations could be found as with ZVI and carbon 
in full scale for cation metals. In these studies, the mechanism found for ZVI includes 
sorption, reduction, and precipitation. However, reports on mechanisms for individual 
metals have found differences in the composition of the aqueous matrix and the impact 
of competing species in similar aqueous-phase and surface complexation reactions. These 
studies stated that reaction are pH dependent affecting metal immobilization mechanisms. 
For low pH conditions, mechanism is mainly onto the iron surface, for neutral to alkaline 
the carbonate precipitation takes places providing different types of sorption surfaces and 
causing metal precipitation. As the pH of groundwater increases due to hydrolysis and 
hydrogen gas, metal hydroxides could be part of the immobilization which is discussed 
in Chapter 4 as dominant removal mechanism (Wilkin and McNeil 2003, Li and Zhang 
2007). It is also part of PRB design to combine media (two or more reactive components 
in one treatment material) to enhance the treatment process or improve geotechnical 
properties and hydraulic conductivity, from this point of view it is still taken into 
consideration the permeability of the barrier. The availability of the media is also an 
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important point as different mass of each specific reactive media may be required to treat 
certain mass of contaminant. Thus inorganic reactive media lacks on availability and 
increments the cost of the barrier. (ITRC, 2011). In 2008, an overview of this technology 
concluded sequenced make PRB more sustainable technology and helped to broaden its 
field of application. This sequenced barrier is also called multi-barrier system consisting 
of two or more barriers filled with the same or different reactive materials (sequenced 
multi-barrier) (Obiri-Nyarko et al 2014). In some cases, the concept also includes a single 
barrier filled with different reactive materials (a mixed reactive media) (Obiri-Nyarko et 
al 2014; Kober et al., 2002; Birke et al., 2007). Although, batch test are faster to conduct, 
in order to evaluate the dynamic flow conditions is necessary column experiments. 
(Gavaskar et al., 2000; Henderson and Demond, 2007). For this reason, the introduction 
of new material media could help to improve PRB technology and make it possible not 
only in developing countries but around the world. In 2005, Wantanaphong provided the 
idea to use biosorbents as barriers to remove pollutants from groundwater as commonly 
this material is based on natural and waste materials. This chapter provides a guideline 
after studying principal characteristics to evaluate biosorbents as reactive media. It also 
includes the design of a sequenced barrier based on the properties of the biosorbents.  
7.2 Definitions 
According to the definition established by the Environmental Protection Agency in 1999, 
Permeable Reactive Barrier is a passive treatment technology that uses reactive media to 
intercept and decontaminate plume that move through a barrier as it flows under its 
natural gradient. As the contaminants move passing the barrier many reactions occur to 
transform them into a nontoxic or less harmful species.   
Biosorption was defined in 1993 as the technology to remove metal or metalloid species, 
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compounds and particulates from solution by biological material (Gadd, 1993). 
These technologies had been evaluated in this guideline to establish a new hybrid 
technology for water treatment. 
7.3 Current problems of PRB and biosorbents technology 
7.3.1 Easy availability as low cost material  
Mining activities are commonly in isolated places, especially if they were abandon. The 
lack of roads and transportation makes difficult to obtain material for the barriers of PRB. 
Inorganic materials represent additional cost if not available in the region, thus it could 
represent a higher cost when using them.  
7.3.2 Sorption studies to screen the biosorbents 
Commonly biosorbents are investigated only under batch experiments, for this reason 
although many studies conclude that the biosorbent has sufficient reactivity to treat 
contaminants, they are evaluated under very l studies.  
7.3.3 Biosorbents Mechanism  
Even though there are many efficient biosorbents because of its chemical characteristics 
such as functional groups, and available binding sites, the behavior of each contaminant 
varies by influence of pH, contact time or initial concentration. The selection of the 
biosorbent could be very ambiguous if all of these parameters are not evaluated and model 
to establish the mechanism.   
7.3.4 Permeability 
Keeping the permeability on PRB is crucial and it is close related to the particle size. 
However, biosorbents studies usually reduced the particle size to enhance the adsorption. 
High sorption biomasses have no evaluation on its permeability which makes it difficult 
to establish whether these biomasses will have efficient longevity in the PRB. 
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7.3.5 Affinity to other heavy metals  
Biosorbents are commonly studied in single system, however real plume contains 
different forms of contaminants and parameters that could affect the performance of the 
biomass as barrier for PRB   
7.4 Applicability of the guideline 
The guideline is proposed to the application of biosorbents as media for sequenced 
permeable reactive barriers. The contaminant target of this guideline is heavy metals. It 
summarizes the most important characteristics to help choose each biosorbent for 
groundwater remediation. 
7.5 Guideline steps 
For the design of permeable reactive barriers using biosorbents as hybrid technology the 
following steps should be taking into consideration.  
7.5.1 Guideline diagram 
In order to design a sequenced barrier it is important to consider the design of permeable 
reactive barriers. Under laboratory scale PRB design has taken into consideration aspect 
regarding the contaminants and reactions of them with Zero Valent Iron. Also little is 
known about characteristic such as availability of those chemicals in areas isolated areas. 
In this sense, when studying biosorbents potential material for PRB it is imperative to 
evaluate different aspect of the biomass and corroborate previous studies depending on 
the desirable conditions to choose a suitable biosorbent. On fig 7.1 it is observed all the 
steps to avoid the problems previously stated on this guideline, whereas the primordial 
discard of biosorbent is effective when the biosorbent is not available in the region, does 
not remove efficiently the contaminant and does not have high permeability to be applied 
in PRB. 
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Fig 7.1 Guideline diagram to select biosorbents for sequenced barriers. 
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7.5.2 Easy availability as low cost material solution 
As for biosorbents, some biomass sorts are extremely compelling in removing heavy 
metals. Accessibility is a central point that this technology consider to be checked to 
choose biomass for clean-up purposes. The economy of ecological remediation directs 
that the biomass must originate from nature or even must be a waste material. Molds, 
seaweeds, yeasts, crabshells, microbes among different sorts of biomass, have been tried 
for metal biosorption with extremely reassuring results. The alternative to use natural 
resources is part of this guideline to choose the biosorbent. As quantity of biosorbents had 
been studied, the primary selection is according on its availability in the area of study. 
The evaluation of available biomass is under the criteria of quantity and cost. It means 
inverse relationship of high quantity and low cost. It should be taking into consideration 
the possibilities to use material that is commonly waste or invasive species. Many 
biosorbents have been tested already proven its efficiency, thus a biosorbent mapping of 
the area could be an essential for this first step as availability evaluation. It is also 
important to create a data base with environmental law regulations depending on the 
biosorbents to be selected. On the guideline diagram, it could be observed that a data base 
(DB) of high affinity and low affinity to contaminants needs to be created for each 
biosorbent for further studies, and in order to determinate the target contaminant to be use 
with the biosorbent. This could help to easily select the biosorbents in each barrier in 
accordance to the parameters found in sorption studies.  
7.5.3 Sorption studies to screen the biosorbents solution 
In order to study deeper the heavy metal removal of the biosorbents should be consider 
the type of contaminant to be removed and to be noticed that by comparing it could be 
contrasting results from various sources. It is important to standardize the different ways 
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the sorption capacity might be expressed and the conditions that were studied. Mostly all 
studies remain in batch experiments however column systems should be part of the studies 
to evaluate the biosorbents. In case that column system as study is not provide from 
literature, batch experiments cannot be the base to choose the biosorbent for PRB, thus a 
column system has to be design with the potential biosorbents available in the area and 
establish the parameters study. (pH, resident time and flow rate are considered the 
principal parameters in the barrier). Consequently, the selection of biosorbents has 
remained largely intuitive, but still it has the task of scaling up the process. The following 
step to test biosorption is to distinguish the mechanism of metal uptake by the biomass. 
7.5.4 Biosorbents mechanism solution 
As functional groups are principal reason of heavy metals removal, FTIR studies are 
important to select the biosorbent. It is important to keep the reactivity in the site for this 
reason model such as Langmuir, Freundlick, Ho, etc helps to estimate the performance 
and lifetime of the biosorbent. However, as different parameters influences the removal 
of the contaminant it is also necessary to determinate in the column system the binding 
sites that are reacting with the contaminant and thus the dominant removal mechanism 
that will take place in the actual site. For a deeper study, metal speciation content could 
be used as method, and establish is the biosorbent will keep its efficacy. 
7.5.5 Permeability solution 
Specific particle size study is necessary to for the adequate porosity and hydraulic 
conductivity that permits the contaminant pass through the barrier. Permeability constants 
could be evaluated by using simple equation of Darcy Law. The constants should be 
evaluated in comparison to the sand permeability. In order to be a reactive media for PRB 
design, the plume should be attracted to the barrier by its high permeability, and the barrier 
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should be able to keep its porosity for long period of time under site geochemical 
contitions.   
7.5.6 Affinity to other heavy metals Solution 
Some biosorbents can tie and gather an extensive variety of overwhelming metals with 
no particular need, while others are particular for specific sorts of metals. Evaluation of 
the affinity of the contaminants under different parameters (pH, contact time, functional 
groups) gives the hint to select the biosorbents. These selected biosorbents could be 
proposed in sequenced barriers according to the affinity of the contaminants to the 
biomass. Also the parameters, determinate which biosorbent should be utilize. 
Contaminants that are not remove by the biosorbent do not cause competition for the 
binding sites and thus other biosorbents could be chosen to remove them in a second 
barrier, creating a sequenced barrier based on the characteristics of the biosorbent and 
contaminant to be removed. 
 
7.5.7 Common mistakes 
Biorbents studies purpose is to find the best way to remove contaminants which includes 
the modification and treatment of the biomass. Nevertheless, if this material is to be used 
in PRB, they should not be considered treatment or synthetization as it involves high cost 
technology, which is not part of PRB goal. 
Biosorption studies could be conducted only under batch experiments, however it is 
recommended for PRB application to add studies such as column systems, metal 
speciation and permeability. 
Biosorbents are studied in single system or by comparing same contaminant to other 
biosorbents. However, still lacks of complete studies with competition of other heavy 
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metals, and uniformity in the parameters studied. 
7.6 Application of this guideline  
If the case to design a sequenced PRB based on the results we should consider the 
guideline. 
a) Availability evaluation 
Undaria pinnatifica (wakame) is found in Japan as part of their diet, the biosmass could 
be obtain from food factory as well as the seafood market. 
Reed could be found in Japan in different areas close to rivers. For easy collection dry 
season is advisable. 
b) Evaluation of sorption studies  
The evaluation was assessed for one contaminant (Pb2+). Because of seasonal change of 
the temperature was also evaluated and the conditions of the water pH and particle size 
was also studies. From the results, the conditions to apply these biosorbents are T=20 C, 
pH=5.5 and a minimum of 1mm of particle size to help with the permeability. According 
to the batch experiments better removal could be obtained by seaweed.  
From column studies values of the amount of contaminant removal were changed by 
keeping a boundary under the permissible limits of water for effluents. (0.01mg/l). 
Seaweed and reed can remove Pb.  
c) Evaluation of the dominant mechanism 
If the column was tested it was possible to analyze the mechanism of adsorption with 
metal speciation experiment, from the results we could also state which biosorbent was 
easy for evaluation of time to replenish the barrier, physical adsorption This procedure is 
independent of its metabolism, and it is reversible and exceptionally encouraging, 
representing numerous points of interest, particularly to treat extensive volumes of 
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wastewater with low convergences of contaminants (Nishitani et. al., 2010, Kuroda & 
Ueda, 2010, Ahluwalia & Goyal, 2007). This type of biosorbent could be used for metals 
that are required in the final barrier. In the case of seaweed the chemical binding was 
observed due to the quantity of organic matter and alginic acid. However, alginic acid is 
the main source of heavy metal removal, it should be use this biosmass for previous 
barriers. 
d) Evaluation of the permeability 
Permeability was also evaluated and both biosorbents could be used in the design of the 
sequenced barrier. 
e) Affinity of other contaminants to the biosorbent 
Once stated the possible place and conditions of the biosorbents it is important to avoid 
the competition with other contaminants.  
From the data base we can obtain studies with other contaminants, if the plume contains 
Cr, Cd, Pb in the plume it can be evaluated which biosorbents have higher affinity and 
the relationship with its Qmax by PCA. The analysis can help to determinate which 
biosorbent should be in the sequenced barrier. 
In the Fig 7.2, commonly at pH= 3 Cr could be removed efficiently by peatmoss 
(Qmax=240mg/g and b=0.105l/mg), because a strong binding will be obtained and the 
contaminant will not pass to the other barrier. As for crab shells could be utilized (84mg/g, 
b=0.61 l/mg) at pH= 5, but cannot remove highly this contaminant but cannot remove As 
and Pb. From our experiments Pb could be removed by reed at pH 5.5, thus the last barrier 
can be reed.  
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Figure 7.2 Use of guideline scheme based on this study 
7.7 Design of the Sequenced barrier based on this study 
7.7.1 Materials and methods 
Phragmites australis or Common Reed (R) and Undaria pinnatifida (SW) were chosen 
as biosorbents to be tested in column apparatus. R was harvested in April 2014 near 
Hirose river in Miyagi Prefecture, Japan. In this period of the year, this large perennial 
rhizomatous grass was dry and its size was 1.5 to 3 meters tall, its leaves are broad and 
sheath about 1-4 cm wide at their base, because of the season the plant was completely 
dried. SW was collected as a waste product from a seafood industry as explained 
previously. The materials were freeze dried and reduced to a particle size of 0.5-1 mm for 
storage into a desiccator.  
Solutions of 10 ppm was prepared for Pb 2+. Purified water was prepared using a Millipore 
Milli-Q (Millipore Advantage 5 UV Elix). Pb2+ solutions of different concentrations were 
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obtained by diluting lead (II) acetate trihydrate. Standard solutions were prepared for ICP 
(Optical Emission Spectrometer, Agilent Technologies 700 Series ICP-OE5).  
Standard acid and base solutions (HNO3 and NaOH base solution) were used for pH 
adjustment. 
 
 
Fig. 7.3 (a) Single barrier simulation with Seaweed (b) Sequenced barrier 
simulation with Mix biosorbents.  
Two continuous-flow column tests were conducted to compare a single and sequenced 
barrier, the design of the column considered previous studies (Gavaskar, 1999; Liu et al 
2015; Jun, et al 2009, Boni and Sbaffoni, 2009; Liu, et al 2006; Talreja, 2014; Blowes 
and Guo, 2009), the solution was fed upwards through a peristaltic pump with an inlet 
flow of 30 cm3 per hour. (Figure 7.1). From the columns, 3 samples were taken to evaluate 
its performance. SW1, M1 were in the bottom and first part of the column, SW2, M2 were 
in the middle and SW3, M3 in the outlet. It was also utilized guideline and data base. 
7.7.2 Results  
From the results of the sequenced barrier it could be observed that seaweed removed 
major quantity of lead and consequently the remaining flow had lower heavy metal 
concentration, it was proven before that at low concentrations reed removes lead 
Chapter 7 
198 
 
efficiently (Southichak et. al 2002), for this reason this strategy allows to enhance the 
longevity of the column as shown in the results in comparison to the single column. 
Indeed in 2009, sequenced barriers study showed to be effective as for landfill-leachate 
removal to avoid pore space filling and reaction sites blocking resulted from precipitation 
and permeability losing (Lee, 2009; Jun, 2009). Consequently, by studying several 
biosorbents it could be chosen a sequenced barrier that fits every contaminant and 
establish according to the contaminants which biosorbent to use. From this study, results 
have showed that materials should be chosen by its availability and performance 
conditions. Involving not only efficiency but understanding the mechanism of reaction 
with the contaminants, which could definitely enhance this reactive media performance 
on site and help to develop this technology.  
 
Figure 7.4 Single PRB column  
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Figure 7.5 Sequenced PRB column  
7.8 Related guidelines  
 AFCEE. 2007. Protocol for In Situ Bioremediation of Chlorinated Solvents Using 
Edible Oil. Prepared by Solutions IES, Inc., Terra Systems, Inc., and Parsons 
Infrastructure and Technology Group, Inc. 
 AFCEE. 2008. Technical Protocol for Enhanced Anaerobic Bioremediation Using 
Permeable Mulch Biowalls and Bioreactors. Prepared by Parsons Infrastructure and 
Technology Group, Inc. 
 AFCEE, NFESC (Naval Facilities Engineering Service Center), and ESTCP 
(Environmental Security Technology Certification Program). 2004. Principles and 
Practices of Enhanced Anaerobic Bioremediation of Chlorinated Solvents. Prepared 
by Parsons Infrastructure and Technology Group, Inc. 
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Armstrong Laboratory/Environics Directorate. 
 Gavaskar, A, Gupta N, Sass B, Janosy R, and Hicks J. 2000 Design Guidance for 
Application of Permeable Reactive Barriers for Groundwater Remediation 
 The Interstate Technology & Regulatory Council (ITRC). Permeable Reactive 
Barrier: Technology Update. Washington, DC 2011. 
 Obiri-Nyarko F., Grajales-Mesa J., Malina G. (2014) An overview of permeable 
reactive barriers for in situ sustainable groundwater remediation. Chemosphere 111 
(2014) 243-259. 
 Henderson, A.D., Demond, A.H., 2007. Long-term performance of zero-valent iron 
permeable reactive barriers: a critical review. Environ. Eng. Sci. 24 (4), 401–423. 
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Chapter 8 
General Conclusions and recommendations 
8.1 Conclusions 
This study provides the biosorbents characteristics, which should possess to be utilized 
in the design of a sequenced permeable reactive barrier. The most important features were 
evaluated from previous studies that involve most common material on the design of 
single PRB (ZVI, zeolites, carbon and clay).  
The data base determinates potential biosorbent, as priority to select the biosorbents is the 
availability worldwide of this biomass and its high capacity to remove heavy metals. For 
this reason Undaria pinnatifida and Phagmites australis were chosen.  
From the sorption studies, batch test gives optimal conditions for PRB but cannot select 
the biosorbent because of the lack of important information about permeability. On the 
other hand, column test helps to study the mechanism and adsorption capacity to expect 
the real performance. Results proved that parameters such as pH, initial concentration and 
temperature influence greatly the Qmax and the affinity of the contaminant to the biomass. 
When designing a sequenced barrier the batch experiments provide basic information 
about the biomass, however, in this study it was proved that the estimation of the removal 
depend on other factors such as flow rate, contact time and permeability to estimate 
whether the biosorbent would be effective on time, thus column system must be main part 
of the evaluation of biosorbents for PRB.  
The mechanism helps to determinate the position on the sequenced PRB design. This 
study has found a leading mechanism that makes the biomass effective on time, 
suggesting that biosorbents have potential to be used as materials for PRBs. From these 
results it could be established which biosorbents could be applied as sacrificial zone or 
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first barrier.  
From the permeability results it was determinated that reed as agricultural waste is a better 
media for PRB than brown seaweed, even though seaweed has high sorption capacity.  
This study also established the importance to study the affinity of the biosorbents to other 
high toxic contaminants, and corroborated the dependence to parameters such as pH, 
functional groups, initial concentration and contact time. PCA helped to determinate 
Qmax and Affinity with other HM to avoid competition between contaminants, and to 
establish which could be potential second or third barrier in the sequenced. In order to 
design the PRB it is important to avoid competition between contaminants. In this sense, 
the result of PCA to analyze the removal characteristics of various biosorbents, could be 
an important tool to select the biosorbents once the condition are standardized 
dependending on the heavy metal to be removed.  
From this study a guideline was elaborated under based on laboratory scale to choose the 
suitable biosorbents according to the contaminant for a sequenced barrier design.  
This guideline would benefit to avoid mistakes when studying biosorbents for PRB as 
hybrid technology. Final results after applying the guideline showed that sequenced 
barrier improved the longevity of PRB in comparison to single system. 
This complete study provides an alternative to developing countries to start using PRB 
with their own natural resources and makes the hybrid technology sustainable in time.  
8.2 Recommendations for future studies 
• Further study is needed to investigate the use of these biosorbents in combination 
with sulfate reactive bacteria to enhance the sequenced barriers and ensure optimal 
permeability for use in permeable reactive barriers technology. 
• Toxicology after treatment. 
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• Environmental impact because of biodegradation 
• Further studies are needed on the column to state any transference of the 
biosorbent to the other barrier.   
• Packing conditions are very important for the use of the biosorbents especially for 
the use of seaweed. 
• Preferential flow paths, it is imperative that it be demonstrated that total 
contaminant treatment can be adequately achieved with the PRB, for this reason 
modulation is needed. 
• If precipitation occurs the longevity of the barrier could be reduced. 
• Biosorbents disposal should be removed from the barrier and disposed as a 
hazardous waste or contained depending on the contaminant.  
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Appendix 1 
Data with Pb experiments 
Temperature  4 C        4 C 
 pH 5.5   pH 3  
            
Time  ｐＨ Time  ｐＨ 
Min RSW CSW TSW R TR Min VSW HSW TSW TR VR 
0 5.5 5.5 5.5 5.5 5.5 0 3 3 3 3 3 
30 6.9 6.73  6.41 5.79  5.75 30 4.16  4.30  4.14 3.20 3.09 
60 6.8 7.06 6.4 5.76  5.76 60 4.52  3.87 3.87 3.13 3.07 
120 6.8 7.06 6.427  5.75  5.55  120 4.26  3.73 3.85  3.09 3.06  
240 6.8 6.97 6.65 5.73 5.56  240 4.50  4.4 4.2 3.19 3.12  
360 6.8 7.06  6.483  5.72  5.63 360 4.72  4.98  4.26  3.19 3.14 
1200 6.9 7.04  6.823  5.69 5.70  1200 4.71  4.47  4.26  3.2 3.13  
1440 6.9 7.15  6.463  5.72  5.78 1440 4.65  4.43  4.33  3.16 3.13 
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Time  ｐＨ  Time  ｐＨ 
Min RSW CSW TSW R TR  Min VSW HSW TSW TR VR 
0 5.5 5.5 5.5 5.5 5.50  0 3 3 3 3 3 
30 6.8 6.49  6.52 5.83  5.75  30 4.55  3.62  4.14 3.20  3.14 
60 6.8 6.68  6.45  5.86  5.80  60 4.56  4.14 4.14 3.08  3.1 
120 6.7 6.76  6.39  5.79  5.64  120 4.20  4.02 4.14  3.21  3.21  
240 6.8 6.99  6.57 5.75  5.55  240 4.86  4.56 4.33 3.2 3.16  
360 6.8 7.05  6.76  5.81 5.61  360 4.80  4.58  4.36  3.18  3.16 
1200 6.9 7.02  6.62 5.82  5.65  1200 4.69  4.60  5.22  3.18 3.17  
1440 6.9 7.08  6.7 5.85  5.58  1440 4.71  4.67  4.67  3.19  3.19 
             
             
Time  ｐＨ  Time  ｐＨ  Time  ｐＨ   
Min VR 20 VR 4  Min RSW 20 RSW 4  Min CSW 20 CSW 4   
0 5.5 5.5   0 5.5 5.5  0 5.5 5.5   
30 5.83  5.79    30 6.78  6.87   30 6.49  6.73    
60 5.86  5.76    60 6.82  6.82   60 6.68  7.06    
120 5.79  5.75    120 6.74  6.78   120 6.76  7.06    
240 5.75  5.73   240 6.77  6.77  240 6.99  6.97   
360 5.81  5.72    360 6.80  6.79   360 7.05  7.06    
1200 5.82  5.69   1200 6.94  6.94  1200 7.02  7.04   
1440 5.85  5.72    1440 6.89  6.87   1440 7.15  7.08    
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Mixed material 
t =20 
SAMPLE BIOMASS Pb C0(ppm） Ce(ppm) X*0.05 Qe(mg/g) Ce/Qe （％）
Pb 0.1RS1 0.1000 0.1 0.1000  0.000 0.000 0.0000 0.00
Pb 0.1RS2 0.1000 0.1 0.0999  0.000 0.000 0.0000 0.10
Pb 0.1RS3 0.1000 0.1 0.1000  0.000 0.000 0.0000 0.00
Pb 0.5RS1 0.1000 0.5 0.1317  0.018 0.184 0.7149 73.67
Pb 0.5RS2 0.1000 0.50 0.1341  0.018 0.183 0.7332 73.18
Pb 0.5RS3 0.1000 0.50 0.1322  0.018 0.184 0.7189 73.56
Pb 1RS1 0.1000 1.00 0.0948  0.045 0.453 0.2096 90.52
Pb 1RS2 0.1000 1.00 0.1082  0.045 0.446 0.2426 89.18
Pb 1RS3 0.1000 1.00 0.1011  0.045 0.449 0.2249 89.89
Pb 5RS1 0.1000 5.00 0.3258  0.234 2.337 0.1394 93.48
Pb 5RS2 0.1000 5.00 0.3050  0.235 2.348 0.1299 93.90
Pb 5RS3 0.1000 5.00 0.3121  0.234 2.344 0.1332 93.76
Pb 10RS1 0.1000 10.00 0.5421  0.473 4.729 0.1146 94.58
Pb 10RS2 0.1000 10.00 0.5720  0.471 4.714 0.1213 94.28
Pb 10RS3 0.1000 10.00 0.5234  0.474 4.738 0.1105 94.77
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T =4 
SAMPLE BIOMASS Pb C0(ppm） Ce(ppm) X*0.05 Qe(mg/g) Ce/Qe （％）
Pb 0.1RS1 0.1000 0.1 0.1000  0.000 0.000 0.0000 0.00
Pb 0.1RS2 0.1000 0.1 0.0967  0.000 0.002 57.8513 3.34
Pb 0.1RS3 0.1000 0.1 0.0963  0.000 0.002 52.0541 3.70
Pb 0.5RS1 0.1000 0.5 0.0726  0.021 0.214 0.3399 85.47
Pb 0.5RS2 0.1000 0.50 0.1001  0.020 0.200 0.5004 79.99
Pb 0.5RS3 0.1000 0.50 0.1100  0.020 0.195 0.5641 78.00
Pb 1RS1 0.1000 1.00 0.1174  0.044 0.441 0.2661 88.26
Pb 1RS2 0.1000 1.00 0.0837  0.046 0.458 0.1828 91.63
Pb 1RS3 0.1000 1.00 0.0941  0.045 0.453 0.2078 90.59
Pb 5RS1 0.1000 5.00 0.2088  0.240 2.396 0.0871 95.82
Pb 5RS2 0.1000 5.00 0.2780  0.236 2.361 0.1177 94.44
Pb 5RS3 0.1000 5.00 0.2143  0.239 2.393 0.0896 95.71
Pb 10RS1 0.1000 10.00 0.5500  0.472 4.725 0.1164 94.50
Pb 10RS2 0.1000 10.00 0.5521  0.472 4.724 0.1169 94.48
Pb 10RS3 0.1000 10.00 0.5653  0.472 4.717 0.1198 94.35
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Column experiments (Single system) 
 
Days 
Type Time 
(Hour) 
Initial 
Flow rate 
(cm3/h) 
Head loss Volume 
(cm3) 
Final Flow 
rate 
(cm3/h) 
Initial pH=5.62 
Initial  Final Top of 
Column 
Treated 
Water 
1 Seaweed 24 30 - - 714 29.75 6.47 6.55 
2 Seaweed 24 30 - - 720 30 6.24 6.5 
3 Seaweed  24 30 - - 750 31.25 6.11 6.72 
4 Seaweed 24 30 - - 730 30.42 6.07 6.48 
5 Seaweed 24 30 - - 690 28.75 6.1 6.68 
6 Seaweed  24 30 - - 685 28.54 6.1 6.58 
7 Seaweed  24 30 - - 680 28.33 6.49 6 
8 Seaweed  24 30 - - 652 27.17 6 6.18 
9 Seaweed  24 30 - - 695 28.96 6.03 6.24 
10 Seaweed  24 30 - - 675 28.125 5.1 6.18 
11 Seaweed  24 30 - - 675 28.125 5.1 6.18 
12 Seaweed  24 30 - - 678 28.25 5.85 6.72 
13 Seaweed  24 30 - - 685 28.54 5.99 6.66 
14 Seaweed  24 30 - - 675 28.12 5.82 6.53 
15 Seaweed  24 30 - - 670 27.91 5.85 6.52 
16 Seaweed  24 30 - - 652 27.17 5.92 6.6 
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17 Seaweed  24 30 - - 690 28.75 5.91 6.62 
18 Seaweed  24 30 - - 675 28.12 5.91 6.52 
19 Seaweed  24 30 - - 670 27.91 6 6.7 
20 Seaweed  24 30 0.2 0.2 660 27.5 6 6.2 
21 Seaweed  24 30 0.2 0.2 675 28.12 5.9 7.16 
22 Seaweed  24 30 0.2 0.2 690 28.72 6.24 6.84 
23 Seaweed  24 30 0.2 0.2 659 27.46 6 6.5 
24 Seaweed  24 30 0.2 0.1 700 29.17 6 6.27 
25 Seaweed  24 30 0.1 0.1 698 29.08 6.25 6.57 
26 Seaweed  24 30 0.1 0.1 675 28.72 5.59 5.94 
27 Seaweed  24 30 - - 710 29.58 6 6.2 
28 Seaweed  24 30 - - 700 29.16 6.08 7 
29 Seaweed  24 30 - - 665 27.71 6.18 6.76 
30 Seaweed  24 30 - - 655 27.29 5.3 5.4 
31 Seaweed  24 30 0.1 0.5 660 27.5 5.9 6.52 
32 Seaweed  24 30 0.5 0.5 652 27.17 6.36 6.62 
33 Seaweed  24 30 0.5 0.3 652 27.17 6.5 7.03 
34 Seaweed  24 30 0.3 0.2 650 27.08 5.8 5.92 
35 Seaweed  24 30 0.2 0.1 650 27.08 6.23 6.71 
36 Seaweed  24 30 0.1 - 652 27.17 6.3 6.52 
37 Seaweed  24 30 - - 655 27.29 6.1 6.76 
38 Seaweed  24 30 - - 650 27.08 5.53 5.75 
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39 Seaweed  24 30 - - 652 27.17 5.43 5.97 
40 Seaweed  24 30 - - 649 27.04 6.32 6.9 
41 Seaweed  24 30 - - 650 27.08 5.32 5.66 
42 Seaweed  24 30 - - 660 27.5 6.4 6.5 
43 Seaweed  24 30 - - 650 27.05 6.33 6.48 
44 Seaweed  24 30 - - 660 27.5 5.4 5.6 
45 Seaweed  24 30 - - 648 27 5.25 5.58 
46 Seaweed  24 30 - - 650 27.08 5.17 5.55 
47 Seaweed  24 30 - - 646 26.92 6.14 6.97 
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Days 
Type Time 
(Hour) 
Initial 
Flow rate 
(cm3/h) 
Head loss Volume 
(cm3) 
Final Flow 
rate 
(cm3/h) 
Initial pH=5.62 
Initial  Final Top of 
Column 
Treated 
Water 
0             30   5.62 
1 Reed 24 30 - 4 740 31.04 6.33 6.68 
2 Reed 24 30 4 3 730 30.41 6.22 6.45 
3 Reed 24 30 3 3 650 27.1 6.09 6.53 
4 Reed 24 30 3 4 700 29.1 5.96 6.33 
5 Reed 24 30 3 3 700 29.16 6.05 6.23 
6 Reed 24 30 3 4 705 29.375 5.02 5.64 
7 Reed  24 30 4 4 705 29.38 6.11 6.68 
8 Reed  24 30 4 4 700 29.17 6 6.71 
9 Reed  24 30 4 3 720 30 5.9 6.4 
10 Reed 24 30 3 3 703 29.29 5.93 6.52 
11 Reed 24 30 3 2 700 29.16 5.94 6.25 
12 Reed 24 30 2 2 705 29.37 6.02 6.38 
13 Reed 24 30 2 1 710 29.58 5.94 6.4 
14 Reed 24 30 1 1 700 29.17 5.9 6.3 
15 Reed  24 30 1 0.8 700 29.17 5.7 6.42 
16 Reed 24 30 0.8 0.8 700 29.17 5.6 6.5 
17 Reed  24 30 - - 700 29.17 6.3 7 
18 Reed  24 30 - - 698 29.08 6.31 6.68 
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19 Reed  24 30 - - 695 28.96 5.99 5.37 
20 Reed  24 30 - - 680 28.33 5.1 5.4 
21 Reed  24 30 - - 684 28.5 6.08 6.42 
22 Reed  24 30 - - 665 27.71 6.05 6.56 
23 Reed  24 30 - - 650 27.08 6.22 6.57 
24 Reed  24 30 - - 653 27.21 6.18 6.23 
25 Reed  24 30 - - 653 27.79 6.16 6.35 
26 Reed  24 30 - - 657 27.38 6.03 6.59 
27 Reed  24 30 - - 690 28.75 5.37 6.27 
28 Reed    30 - - 700 29.16 6.18 6.65 
29 Reed  30 30     700 29.17 5.94 6.25 
30 Reed  30 30     705 29.38 6.02 6.38 
31 Reed  30 30 0.5 0.5 692 28.83 6.1 6.3 
32 Reed  30 30 0.5 0.5 700 29.17 6.3 6.88 
33 Reed  30 30 0.5 - 650 27.08 5.5 5.6 
34 Reed  30 30 - - 648 27 6.29 6.4 
35 Reed  30 30 - - 703 29.29 5.96 6.1 
36 Reed  30 30 - - 700 29.18 5.59 6.22 
37 Reed  30 30 - - 660 27.5 5.45 5.77 
38 Reed  30 30 - - 660 27.5 5.15 5.26 
39 Reed  30 30 - - 660 27.5 6.02 5.98 
40 Reed  30 30 - - 660 27.5 5.3 5.48 
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41 Reed  30 30 - - 650 27.08 6 6.14 
42 Reed  30 30 - - 650 27.08 6.15 6.21 
43 Reed  30 30 - - 655 27.29 5.42 5.57 
44 Reed 30 30 - - 700 29.16 5.3 5.6 
45 Reed 30 30 - - 700 29.16 5.14 5.58 
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Raw Data Silver Arsenic Chromium and Thalium  
                         
T Silver Arsenic Chromium Thalium 
hr A1 A2 B1 B2 C1 C2 A1 A2 B1 B2 C1 C2 A1 A2 B1 B2 C1 C2 A1 A2 B1 B2 C1 C2 
0 
10.9
6   8.876       9.21  8.96      9.86   9.75      9.20  8.98       
0.2 
1.57
4 5.123   2.531 1.752 4.449                                 
0.5 
0.94
4 4.576 2.091 0.762 1.273 1.563                                 
1 
0.69
0 0.688 1.352
0.430
032 
0.832
178 
0.737
787 
10.3
459
10.1
142
10.1
798
10.4
239
10.2
505
10.1
598
9.87
939
9.76
087 
9.58
377
9.83
61 
9.70
84 
9.47
405
6.78
189
6.74
775
6.95
011
7.03
292
7.20
114
7.05
057 
4 
1.22
471 
1.031
43 
0.880
545 
0.882
444 
1.042
02 
0.823
578 
10.4
248
10.4
865
10.1
579
10.6
295
10.1
445
10.4
112
9.00
677
9.22
726 
9.22
416
8.24
149
9.29
355
9.44
522
7.38
662
7.16
299
7.04
16 
7.26
963
7.20
564
6.90
201 
8 
0.65
665
2 
1.291
27 
0.851
359 
1.917
95 
1.385
86 
1.659
16 
10.6
496
10.5
78 
10.5
486
10.6
621
10.6
346
10.7
718
9.05
586
8.85
787 
9.05
118
9.04
259
8.68
076
8.74
018
7.50
617
7.54
809
6.73
647
7.40
593
7.61
325
7.40
152 
16 
1.54
008 
1.951
93 
1.296
43 
0.849
24 
1.146
32 
0.989
055 
10.5
489
12.1
731
11.3
189
10.3
485
10.2
247
10.2
718
8.46
216
8.24
601 
7.72
768
8.27
819
8.29
848
8.35
185
7.19
624
7.15
526
7.12
773
7.73
386
7.15
742
7.28
972 
24 
0.85
595 
0.874
691 
0.366
558 
0.591
626 
1.184
47 
1.452
06 
10.4
166
10.2
776
10.6
1 
10.6
279
10.6
764
10.4
712
7.79
99 
7.68
559 
8.04
806
7.79
743
7.60
244
7.48
293
7.46
581
7.42
382
7.26
068
7.43
354
7.37
587
7.40
006 
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48             
9.07
75 
9.34
08 
9.55
07 
9.76
38 
9.74
22 
9.77
72 
6.51
53 
6.67
65 
6.52
08 
6.52
63 
6.66
28 
6.90
58 
6.63
89 
6.75
08 
6.04
41 
6.76
81 
6.90
91 
6.80
63 
72             
9.84
16 
9.81
33 
11.2
652
9.43
73 
10.1
416
10.0
228
5.56
66 
5.39
99 
5.34
34 
5.35
00 
5.19
99 
5.51
83 
7.30
38 
5.22
86 
7.37
66 
7.40
34 
7.17
96 
7.44
24 
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Appendix 2 
Column experiments (Single system) 
Flow rate 
Day Qsw(cm3/h) v (cm3/h) Day 
Qreed 
(cm3/h) 
v (cm3/h) 
1 30 1.53 1 31.04 1.58 
2 30 1.53 2 30.41 1.55 
3 31 1.58 3 27.1 1.38 
4 30 1.53 4 29.1 1.48 
5 29 1.48 5 29.16 1.49 
6 29 1.48 6 29.375 1.50 
7 28 1.43 7 29.38 1.50 
8 27 1.38 8 29.17 1.49 
9 29 1.48 9 30 1.53 
10 28 1.43 10 29.29 1.49 
11 28 1.43 11 29.16 1.49 
12 28 1.43 12 29.37 1.50 
13 29 1.48 13 29.58 1.51 
14 28 1.43 14 29.17 1.49 
15 28 1.43 15 29.17 1.49 
16 27 1.38 16 29.17 1.49 
17 29 1.48 17 29.17 1.49 
18 28 1.43 18 29.08 1.48 
19 28 1.43 19 28.96 1.48 
20 28 1.43 20 28.33 1.44 
21 28 1.43 21 28.5 1.45 
22 29 1.48 22 27.71 1.41 
23 27 1.38 23 27.08 1.38 
24 29 1.48 24 27.21 1.39 
25 29 1.48 25 27.79 1.42 
26 29 1.48 26 27.38 1.39 
27 30 1.53 27 28.75 1.46 
28 29 1.48 28 29.16 1.49 
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29 28 1.43 29 29.17 1.49 
30 27 1.38 30 29.38 1.50 
31 28 1.43 31 28.83 1.47 
32 27 1.38 32 29.17 1.49 
33 27 1.38 33 27.08 1.38 
34 27 1.38 34 27 1.38 
35 27 1.38 35 29.29 1.49 
36 27 1.38 36 29.18 1.49 
37 27 1.38 37 27.5 1.40 
38 27 1.38 38 27.5 1.40 
39 27 1.38 39 27.5 1.40 
40 27 1.38 40 27.5 1.40 
41 27 1.38 41 27.08 1.38 
42 28 1.43 42 27.08 1.38 
43 27 1.38 43 27.29 1.39 
44 28 1.43 44 29.16 1.49 
45 27 1.38 45 29.16 1.49 
46 27 1.38 Average 28.61 1.46 
47 27 1.38    
Average 28.064 1.43    
 
 
 
 
 
 
 
 
 
 
 
 
